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Abstract 
The effect of the configuration of the confming magnetic field on the operating 
characteristics of a planar magnetron has been observed. In particular, the heat load 
and charged particle bombardment of the substrate were measured. A circular planar· 
magnetron was constructed with a magnetic field which could be controlled by the 
adjustment of the current flowing through coils placed around the circumference and 
with a separate supply feeding a coil around the centre pole. This allowed the magnetic 
field configuration to be unbalanced and caused the negative glow plasma to be incident 
on the substrate. It was found that the "unbalanced" electrically-controlled model could 
give six times the heat load to a substrate in comparison with a balanced permanent 
magnet structure. Such a load resulted from the bombardment of the substrate with the 
plasma (revealed by the measurement of the I-V characteristics), and gave a 30 volt 
negative bias as well as saturated electron and ion currents of around 90 and 1 mA 
respectively (a magnetron operating current: 0.8A). The heat load was lkWm-2. This 
compared to a 1 volt positive bias with current of 1,4 and 0.5 mA for the balanced case. 
This bombardment was used as a neutralised ion beam to enhance film growth during 
sputtering. 
The effect of the magnetic field configuration has been observed on the 
operating characteristics of a planar magnetron. In particular, the deposition rate, the 
currents to a probe and heat load, as a function of the outer pole solenoid current, were 
. measUred. The deposition rate(mput power was constantat 19 mA/s/W, independent of 
the outer pole solenoid current. In the region from 20 to 40 A of the outer pole 
solenoid current, the configuration of the magnetic field seemed to be concentric andiile 
electrons were confined by it .. But from 40 to 80 A, the magnetic field became 
dispersed outwards along the direction to the magnetron and the electrons followed it. 
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Consequently, following bombardment of the surface by electrons and 
· neutralising ions, the currents to a probe and the heat load, gave a behaviour. 
The effect of the pressure has been observed on probe current, floating potential 
· and heat load. With the pressure increasing, they decreased. It seems that the mean 
free path of particles becomes shorter and then scattering of them increases. 
, 
The influence of the magnetic field strength on the plasma, created at the rear of 
a substrate, has been observed. In particular, the floating potential and the charged 
. particle bombardment of the substrate were measured. Permanent magnets at the rear 
of the substrate, outside of the chamber, could make the configuration of the magnetic 
· field change and control the floating potential from -3 to -59 V. At the same time, they 
influenced the current-voltage characteristics of a probe and made it change following 
the direction of the field. 
Ti02 is a very important thin film material in optics because the refractive index 
is high and it can also satisfy the requirements of a hard, dense and chemically stable 
coating. In our study, the effect of the floating potential, and the resulting ion beam 
_ bombardment on the properties of Ti02 thin films deposited by reactive planar 
magnetron sputtering, has been observed. 
In reactive magnetron sputtering of Ti02' as the partial pressure of oxygen is 
increased, reaction products form on the target (it is poisoned) which lead to an 
unstable situation with the cathode switching from metal to oxide uncontrollably. More 
sophisticated control techniques are required in order to get a stoichiometric Ti02 film. 
The oxygen flow was controlled by observation of the light emission of the Ti spectral 
iii 
line. This was measured using a band pass filter and a photomultiplier. It maintained 
the oxygen flow by regulating a piezovalve. 
The optical emission controller gave a complete range of Ti to oxygen ratios. 
As a result, we obtained samples with a high refractive index of 2.52 at 633 nm and a 
high deposition rate of 4 Als. The properties measured were the refractive index, the 
surface composition and morphology, and the crystallinity. The relationship between 
the refractive index and the proportions of 'anatase' and 'rutile' crystal structures of the 
Ti02 films was especially considered and the dependence on the floating potential was 
assessed .. 
Also, Al203' Cuo, ZnO have been sputtered and the effect of pressure 
instability assessed. Their properties were measured. 
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1. Introduction 
1.1. Background of Our Work 
. In 1852, Bunsen and Grove were the first in the world to made a solid thin film 
by chemical reaction and by glow discharge. Since then, thin film materials have been 
used extensively, not only in the field of the electronics, but also in of optics, 
decoration and precision industries .. 
Today, because these materials have a wide variety of applications, many 
universities and companies in the world are researching and developing them; 
especially, in the fields of super-conductivity, semiconductors for opt-electronics, 
dielectric films for photo - IC, and electrodes for super LSI, and day by day they are 
becoming more important. (Table 1). 
Table 1. 
"APPLICATION' 
AllPlication 
electrode 
resistor 
Thin Solid Film 
Au, AI, Cu, Cr, Ti, Pt, Mo, W, Al/Si, Pt/Si, Mo/Si 
Cr, Ta, Re,TaN, TiN, NiCr, SiCr, TiCr, Sn02' In203 
dielectric film 
insulator 
magnetic film 
superconductivity 
semiconductor 
protection film 
anti-reflection 
. hard coating 
anti-corrosion 
decoration f!Im 
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AlN, BN, Si3N4, Ai203, BeO, SiO, Si02, 
Ti02, Ta20S, Hf02, PbO, MgO, Nbz0s, 
y 203, Zr02,BaTi03, LiNb03, PbTi03, 
PLZT, ZnS 
-
SiN4, A1203, SiO, Si02, Ti02, Ta20 
Fe, Co, Ni, Ni-Fe, Te-Fe, GdCo 
Ge, Si, Se, Te, SiC, ZnO, CdSe, ZnSe, 
CdTe, CdS, PbS, Pb02, GaAs, GaP, GaN, 
Mn/CoMJ/O 
Cr, TiN, TiC, SiC, WC 
AI, Zn, Cd, Cr, Ti, Ta, W, TiN, TiC, SiC 
Ag, Au, AI, TiC 
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These materials do not consist of one element but are alloys or compounds. 
Particularly, in the field of the complex compounds, many methods are required in 
order to make quality thin fIlms with high deposition rates .. (Table 2). 
Table 2 
Physical 
Vapour 
Deposition -
" 
resistance heating .-d.c. diode ion plating (MatIOX) .~eklcc~trO~n~h~e~a~tin~gt:--~.-r.f. bias ion plating (Mattox) 
vaporation- hollow cathode -activated reactive evaporation (Bunshab) 
r.f. induction heating -r.f. ion plating (Murayama) 
laser beam heting -anode type ion plating 0.Yan) 
-ion plating with ion beam gun(Eben) 
ion plating with neutral beam gun (Frank) 
f
mO!CCular beam epitaxy 
knudsen cclll-----I-ionised cluster beam deposition 
ion beam evaporation . 
3lC 
discharge 
{
glOW discharge 
sputtering . 
ion benm sputtering 
ion beam deposition , 
lplasma beam deposition , 
'-plasma CVD 
:-catalYSt induced CVD 
.-d.c. diode sputtering 
f-d.c. triode type sputtering 
r.f. sputtering . 
-{
with anode 
-d.c. magnetron sputtering with d.c. bias 
with rJ. bias 
r.f. magnetrOn sputtering 
~cPlasma 
rfplasma 
Chemical ' '-photon induced CVD 
Vapour ~pyrolysis :-1= induced CVD 
Depos\tion' :-MO-CVD . 
,-Iow pressure CVD 
'-aunospheric CVD 
, 
'-hYdrolysisf-dSJ?ra~ 
~. 
The best method must therefore be chosen, depending on the materials which we want 
to make. As mentioned above, due to their nature, the various complex compounds 
possess interesting features and also develop features when integrated in a multiple way 
in the electronics industry. 
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In the case of complex compounds, activation energies are required in order to 
make stoichiometric thin fllms, when one atom reacts with another atom. In order to 
achieve previous requirements, many techniques have been developed. Particularly 
among ion beam sources technologies, two types of ion beam sources were widely 
used to activate the plasma. The 'Kaufman' type ion source was employed in AERE 
Harwell (England), Naval Research Sandia National and Oak Ridge National Lbs. 
(USA). On the other hand, a 'bucket' type ion source was developed in RIKAGAKU 
KENKYU-SHO Japan. The principle of the bucket type ion sources was derived from 
. the Kaufman type, but the difference between them is how the ion beam is focussed. 
Historically, in the case of the Kaufman type ion beam source, improvements in 
discharge chamber performance have resulted primarily from improved magnetic field 
configurations. The first broad-beam ion sources used a nearly uniform magnetic field 
oriented parallel to the axis of the discharge chamber (refs. 1, 2). The peaked beam 
profile resulted from electrons being emitted near the chamber axis and crossing 
magnetic lines by energy absorbing collisions. The energetic electrons are thus 
concentrated near the axis of the discharge chamber leading to a similar non-uniformity 
of ion production and the ion beam current density that was extracted. Typically, ions 
were produced in the discharge chamber with 30 to 50 e V energy electrons. A·· 
magnetic field between the anode and cathode prevented the premature escape of 
energetic. electrons, thereby making possible ·efficient operation at low discharge 
chamber pressures. Also, the energy, direction and current density of the neutralised 
ion beam could be independently controlled over wide ranges. 
On the other hand, multiple designs had very low magnetic strengths except 
near the anode or anodes (refs. 3-6). This field-distribution permitted the energetic 
I 
I 
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electrons to have free access to most of the discharge volume thereby producing a very 
uniform beam. Average - to - peak current density ratios were about 0.9. 
Following Kaufman's original work, much research onion sources has been 
done (refs 7-12) which has succeeded in improving film qualities on an experimental 
scale. Due to its cost and operation, when applying it on a commercial scale, a problem 
arises if we attempt to produce these improvements as an industrial scale. Nowadays, 
cost effective, simple and reliable methods of making thin films are expected in the 
electronics industry. We chose a D.e. planar magnetron as a cost-effective, simple and 
reliable way, and developed it in an original way to make the plasma active at the 
substrate. 
A planar magnetron which has been well designed should provide good film 
deposition at a high rate as well as provide high target utilisation. Our previous 
experience in designing such· structures with permanent magnets, using external pole 
pieces and magnetic fields essentially parallel to the target surface, has revealed that 
when the magnetic material was concentrated in the outer ring of a circular structure, 
resulting in field lines in the centre, a strong beam of plasma could be seen leaving the 
operating magnetron and impinging on the substrate (ref 13). Such a device has been 
further studied by Savvides and Window (refs. 14-16) who have termed the device an 
"unbalanced" magnetron. 
It was apparent to us that such a device could form a useful source of 
neutralised ion beam bombardment of a growing film; perhaps made from magnetron 
sputtered material. To provide full control over the magnetic field configuration and 
magnitude, it was decided to construct a structlire using magnetic fields controlled by 
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solenoids through which the current would be varied and with a variable pole piece 
configuration. This could be compared to a similarly sized commercially balanced 
planar magnetron using permanent magnets. 
Furthermore, permanent magnets, which were placed behind the substrate, 
were used to control the magnetic field which comes out from the electromagnetron. 
They can confine the magnetic field like a plasma sheath and make the plasma denser 
than a conventional magnetron. This effect was measured by employing columnar and 
ring permanent magnets. In particular, the floating potential, which is influenced by the 
conditions of plasma,were discussed. 
In thin solid films, we are interested in metal oxide materials, which are Ti02, 
Si02, A1203' CuO, In203' Sn02' Nb20S' Y 203' Ta20S etc. They are extensively 
used in the field of optics. For example, much work and research has been done on 
Ti02 thin films which have a high optical refractive index, and in addition, many 
researchers are very interested in their properties and in their manufacture. Many 
features of Ti02 were measured by H. K. Pulker et al, who examined refractive indices 
. of Ti02 films produced by reactive evaporation of various titanium-oxygen phases (ref. 
17). In addition, R. P. Howson et al have widely investigated the properties of Ti02 
by reactive ion plating (ref. 18). Ti02 films have been produced from a variety of 
sources utilising various ion assisted techniques to provide surface energy. It was 
found that reactive r.f. bias ion plating using electron beam evaporated titanium metal, 
could give films of refractive index of close to 2.5 and equivalent to those made by 
conventional reactive evaporation onto substrates at elevated temperatures. 
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S. Schiller et al investigated the features and in situ measurements of Ti02 films 
produced by reactive D. C. magnetron sputtering (ref.19). In their work, they showed 
the in situ values of both refractive index n, and absorption index k, and the magnetron 
potential versus the pressure ratio P02IPtot. A dramatic transition of the magnetron 
potential versus the pressure ratio existed and it was quite important to maintain stability 
around the transition in order to get stoichiometric Ti02 thin films. 
When Ti02 film was made by a D. C. sputtering method, A. G. Spencer et al 
showed the pressure instability around the transition (ref. 20). This implies that it is 
difficult to keep the pressure stable without auxiliary controllers. An optical emission 
. ' 
controller system was tried in order to overcome these problems (ref. 21) and we have 
developed a cost-effective optical emission controller using Ti spectral line signals 
around 450 nm. 
Later, prominent features of Ti02, in comparison with other metal oxides, were 
shown in ion-assisted deposition by J. R. McNeil et al (ref. 22). An ion bombardment 
method to enhance the growth was employed in order to form high quality optical 
coatings and proper stoichiometry of Ti02 and Si02. It is shown that both low and 
high energy ion bombardments improve Si02 film stoichiometry, although slightly 
greater improvement are realised in the case of low energy. For Ti02 films, low 
energy bombardment improves the stoichiometry while high energy bombardment is 
clearly detrimental. A Kaufman ion source varied the ion energy from 30 to 500eV, 
with current densities of from 0 to 300 JlA/cm2 (ref. 5). 
Also P. J: Martin et al reported on the ion beam assisted deposition of thin films 
(ref. 23). The refractive index of Zr02 film was increased by ion bombardment, and in 
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the region of high bombardment energy with low density, this ion bombardment 
enhanced the optical properties of many metal oxide films, except TiOZ' 
In the region of low ion bombardment energy with high density, D. B. Fraser et 
al applied an auxiliary magnet beneath the substrate to improve the optical and electrical 
properties of eu and ITO films (ref. 24).· A similar experiment was done by J. L. 
Vossen (ref. 25). Using similar conditions, and by controlling the floating potential, 
we adopted Fraser's method to improve the properties of TiOZ film. A1203' CUO and 
ZnD films were also investigated. 
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2. THEORETICAL BACKGROUND 
2.1. Definiticn .of Plasma 
Plasma is defined as (1) a mixture .of cha;-ged particles with different signs, (2) at 
least .one .of which has irregular thermal mcticns, and (3) its size is bigger than the Debye 
length. Frcm the abcve definiticns, a plasma is a system with charged particles which 
can mcve freely but keeps electrical neutrality because its size is larger than the Debye 
length. Parameters such as densities .of icns, Ni' and electrcns, Ne' temperature .of 
electrcns, Te, and icns, Ti' flcating pctential, Vf' plasma angular frequency, alp' Debye 
length and mean free path etc. are used tc characterise plasmas. 
2.2. Density and Temperature .of Plasma 
Plasmas are treated nct as and idea .of 'amcunt', but .of 'density', as it is a system 
. in which charged particles which can mcve freely. Temperature can be defined .only if 
charged particles fcllcw Maxwell's Velocity Distributicn Law. We kncw the prcbability 
.of finding individual particles with energy level E is propcrticnal tc exp (-E/kT) (k is 
Bcltzman's ccnstant). Experimentally, these parameters can be .obtained by the Langmuir 
prcbe method for which, in the case .of electrcn temperature, the electron is, 
le (V) = lec exp (-eV/kTe) --- (1) 
I 
because we can igncre ccllisicns in an icn sheath, which is the retarding pctential region, 
where the pctential beccmes negative tc plasma space pctential, Vs' 
21 
The derivative of the equation (1) is, 
d.lnIefdV = -e/kTe --- (2) 
From plotting lnJe (V) versus V, the slope is proportional to the electron temperature Te. 
On the other hand, the electron current at the plasma space potential Vs is, 
1 
2 
1 1 [8kTeJ I = -N eu S = -N e -- S 
eo4·· 4.= 
• 
S: area of probe 
k: Boltzman's constant 
Ille: . electron mass 
'\le: average velocity of electrons 
From equation (3) 
.3 13 lea (A) 
N. (cm ) = 4.03 x 10 -""';;;;---:-1 
S(cml(T.(k)/ 
(3) 
--- (4) 
If the electron temperature Te and the area of probes are already known, the electron 
density can be calculated from equation (4). 
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2.3. The Plasma Characteristics 
2.3.1. Mean Free Path 
The Debye length and mean free path of particles are important factors in 
measuring the probe currents. 
The collision frequency, v is: 
Am: mean free path 
Us: root mean square velocity 
=(3kT/m)0.5 
le Boltzman constant 
T: Temperature 
m: Mass 
In our study, the pressure is from 2 to 8m Torr, so that the mean free path of atoms 
changes from about 6 to 25mm. 
The mean free path of electrons is much bigger than this. A 6mm diameter disk to 
measure the probe currents is less than or equal to the mean free path of atoms. 
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2.3.2 Debve Length 
The Debye length is defined as the minimum distance which charged particles 
with different signs can maintain electrical neutrality (ref. 1). 
When the fluctuation of negative voltage (V) happens in some microscopic 
space, it is assumed that the velocity of the charged particles follow MaxweU's 
distribution, 
Ne(V) : electron density, Ni(V) : ion density 
Ne(V) = Ne exp(-ev/kTe), Ni(V) = Ni exp (ev/kTi) 
Ne (V) = Ne (1- eV/kTe), Ni (V) = Ni (1 + eV/kTi) 
p is the real charge density in this microscopic space, 
p = -eNe (V) + eNi (V) 
If without the fluctuation, Ne = Ni 
P = Nee
2V/k(1!fe + l/ri) 
By using the Poisson equation, 
V2V = plEo = V()..2D 
If r = co, V = 0, and considering radial elements in spherical coordinates, 
V(r) = C/rexp (-r!XD) C: constant 
Therefore the potential V(r), which is due to p, decreases rapidly with r increasing. 
On the other hand, 
AD = (EokJN~2)O.5 (TeT!(Te + Ti»O.5 
If it seems that electrons can move freely, and ions follow them, 
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This result describes that AD is a function of Ne and Te' and indep,:ndent of the gas. 
For example, when the pressure is 2m Torr, and the electron energy is 30e V, 
AD=O.5mm. Therefore we must pay attention to the Debye length, AD in order to 
measure probe currents exactly. 
2.3.3. Floating Potential 
The potentials on the substrate in sputtering have been studied extensively (refs. 
2-6). The substtate in sputtering may be treated as a floating plane probe. This potential 
arises because of the higher mobility of electrons, as opposed to ions, in the discharge. 
The electrons can reach the surface more easily than ions (ref.7). Graphically, the 
floating potential V f is defmed as the point which is the point of intersection with the 
current axis on an applied bias voltage/current characteristic. In general the amount of 
electrons and ions to arrive at a probe must be the same in order to obtain zero current of 
a probe. However, electrons can arrive there much more easily than ions as the speed of 
electrons is much faster than that of ions. Residual electrons which cannot recombine 
on the surface of an isolated probe form a negative electric field there. This negative 
electric field can reduce the speed of electrons and collect ions. It increases until the ion 
and electron currents become the same. This mechanism is called ambipolar diffusion, 
and the floating potential is the negative potential formed by it At the plasma potential 
Vp, the probe is at the same potential as the plasma. There are no electric fields at Vp 
and the charged particles migrate to the probe because of their thermal velocities. 
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If an insulating substrate is attached to a grounded substrate support, the surface 
of the substrate acquires the potential Vs' while its surroundings acquire the lower 
potential Vs - V f. This leads to non-unifonnity of bombardment near the edges of the 
substrate which in turn leads to variable thickness, composition, or other properties as a 
function of distance from the edge of the substrate. As the pressure is decreased, V f and 
V p respectively become more negative and more positive with respect to ground, 
leading to a higher substrate potential Vs: Therefore, ions reach the surface at all 
energies from zero up to that corresponding to e V s (ref. 8). When negative substrate 
voltages are used, the applied bias voltage Vb in effect takes the place of the floating 
potential, and the plasma potential remains unchanged (ref. 9). The total" negative 
substrate bias is - (V P - Vb)' 
2.3.3.1. Ion Current. 
In the sputtering process, because of their masses, electrons and ions tend to 
pass from a plasma to an adjacent surface at different rates. Thus, a space charge 
region, in which one species is largely excluded, forms adjacent to such surfaces. 
Figure I shows a schematic representation of the positive space charge sh.eath that 
develops over a cathode (ref. 10). The cathode dark space is a positive space charge 
sheath. The thickness ds is taken to be that of the region where the electron density is 
negligible and where the potential drop Vs occurs. There; the ion current density Ji can 
be related to ds and Vs by the Child-Langmuir Law (ref. 11). If we hypothesise that 
this description is applicable to the probe measurement, we can calculate the ion current 
of the probe. In the case of the probe measurement, a stable ion sheath can be formed at 
1 kTe 
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I 
Fig.1 The Positive .Space Charge 
Sheath. (from ref.10 ) -
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the potential below Bohm's criterion for ion sheath formation, V 0 = kTe;2e. This is 
comparable to half the value of electron temperature and the ion sheath can grow as the 
negative potential increases. 
At the point of V 0' if the energy of ions is determined by only V 0' 
1/2IDiv? = eVo (V 0 = kTef2e) 
vi = (KT dIDi)O.S 
mi: ion mass 
-
vi : ion velocity 
k : Boltzman constant 
Te : electron temperature 
The current, which flows by penetrating the electric field, BC is: 
Io = Ni (V o)evi Ss 
Ni (V ~ : ion density 
Ss : surface area of ion sheath 
If the electron energy follows Maxwell distribution, 
Ne (V 0) = Ne (0) exp (-me v2/2kTe) 
= Ne (0) exp (-1/2) 
= D.61Ne (0) 
Ne (0) : electron density in a plasma situation (Ne = Ni) 
By the same analogy, in the quasi neutral plasma region, 
N -N' e- 1 
Ni CV 0) = Ni (0) 0.61 
10 = 0.61Ni (O)e(kTefmiP'SSs 
2.3.3.2. Electron Current 
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The number of electrons, N which flow into some perpendicular surface by thermal 
motion is, 
-
N = fv dn (v) x • x 
o 
If the electron velocity follows Maxwell distribution, 
-
N = fVxN.(mj21tKT/S exp(-m.V;J2KT.)dVx 
o " 
Mean velocity of the random thermal motion is, 
"~ ---- .. v = (8KTj1tM/.5 - therefore,"N-= 1/4N.v 
The electron current is, 
le = 1/4NeveS 
= 1/4Ne(8kTj=/.5eSp 
Sp: surface area of a probe 
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When Yf is defmed as (e V f/kTe)' if the electron velocity follows Maxwell distribution, 
the electron current Ie(vf) at potential V f is, 
When the ion current equals the electron current, 
If Sp equals Ss, 
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For example, argon Yf= 5.17 
From the experimental results, we obtained a floating potential which changed from -4.5 
to -4S.5V. 
If these results follow the above theory, the electron temperature can change from 0.9 to 
geV. 
2.3,4. Plasma Frequency 
Charged particles are moving continuously and if, by the motion in the plasma, 
separation of charged particles occurs, the Coulomb force drives the particles back 
together. If the particles do not collide with each other, the Coulomb force compels them 
to do so. Such an action results in simple harmonic oscillation, that is, plasma 
oscillation. According to one dimensional motion, if an electron layer moves by a 
distance relative to an ion layer in a length of plasma L, the area L - x is still in the plasma 
situation. 
The electric field by this separation is, 
Nee 
E = .J2.. x = -x 
eo eo 
p : density of electric charge 
Eo : dielectric constant in vacuum 
Ne : electron density 
30 
The force on electrons in the plasma by Eis, 
N e(L- x)E = 
e 
22 X Ne (L-x)-
e-
eo 
The equation of motion if electrons in L - x area is, 
d2x N(L-x)m-= 
e e dt2 
2 2 x 
-N e (L - xr-:-
e 
eo 
2 
- co X pe 
The electron plasma frequency Olpe is, 
1 
= [:~r = 8982, IN; (Hz) 
The ion plasma frequency copi is, 
1 
eN. [ 
2 ]2 
= m;e; 
The electron saturation current Ieo is, 
1 _ 
I = -NevS= 
eo 4 e e 
1 
1 -[8kTeJ2 
-Ne -- S 
4 e mn 
e 
:. N = 
e 
In our experiments, 
Vf =·3 to -59V 
Te = 0.6 to 11.4eV 
Ieo = 0.0185 to 1.l6A 
Cllpe = 1.6 to 6.0 GHz 
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2.4. The Sputtering Mechanisms 
Many reviews of sputtering and sputtering processes for film deposition, have 
been published over the years (refs. 12 - 17). Both rf and dc planar magnetron sputtering 
have been reviewed (refs. 18, 19). 
Planar magnetrons were included in a review of deposition technology which has 
been developed (ref. 20). The basic principle of all magnetically enhanced sputtering 
techniques was discovered by Penning (ref. 21) and further developed by Kay and others 
(refs. 22 -.24). Generally speaking, electrons emitted from the cathode by ion 
bombardment are accelerated to near the full applied potential in the cathode dark space 
and enter the negative glow as so-called primary electrons where they collide with gas 
atoms and produce ions required to sustain the discharge (Fig. 2). Therefore, a low 
pressure, abnormal negative glow discharge is maintained between the cathode and an 
adjacent anode. 
2.4.1. Basic Momentum Exchange 
When a particle of mass Mi with velocity Vi impacts on a target particle of mass 
Mt with velocity Vt = 0, momentum transfer between the two particles happens (Fig. 
3-a), where energy and momentum are conserved, so 
SHIELD -- ::.:~~~ .. ~~~.<_,.~;. CATHODE ITARCEn ~~~:.~ ~',~:\~~: GROUND ~.. , "~_~.\".,.\ ... ,;",~. ,,\'.-,.,<'~, '. ,."\'.:,-"" IONINOUC£D \..,.,.,." ... " ........... ',.,\\ .. , 
CATHODE DARK 
SPACE ICDSI 
SPUTTERED ATOMS 
SECONDARY EMISSION e" e' 
* 
.
'. \ ....... c/ NEGATIVE GLOW fNGI PRIMARY .• M / 
mCTRONS .. ... / .. : .... .....J~, ..... : .,,:i.::.;.;;....--s.... ..... ELECTRON INDUCED 
lOST IONS ~ A, . • {",:(.' "'~.;,,<: SECONDARY[MISSIQN 
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SUBSTRAlfS 
Fig. 2 The Plasma in a Planar Diode 
Sputtering. (from ref. 58 ) 
a 
SPUTTfRf 0 
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b 
SPUTIfRfD 
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Fig.3 Schematic Diagram of the 
Momentum Exchange Processes. 
(from ref. 58 ) 
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From equations (1) and (2) 
, [Mi- Mt ] . 
Vi = Mi+ M
t 
Vi 
However, the low energy knock-on atom has a side component of momentum, and 
initiates sputtering of one or more of its neighbours (Fig. 3-b). 
Therefore, an incident ion strikes on more than one atom simultaneously. The 
momentum change results in low energy knock-on and a primary knock-on effect. The 
primary knock-on atom especially can penetrate into the lattice and then be reflected so 
that the atom on the surface is ejected by the reflected atom. 
2.4.2. The Sputtering Yield 
In sputter deposition we are concerned primarily with what is termed physical, as 
opposed to chemical, sputtering. In physical sputtering the bombarding particle transfers 
kinetic energy to the target atoms and causes the subsequent ejection, through the target 
surface, of those atoms which acquire sufficient kinetic energy to overcome the local 
binding forces. In chemical sputtering, chemical reactions induced by the impinging 
particles produce an unstable compound at the target surface, which subsequently passes 
into the gas phase. Chemical sputtering is particularly important in plasma etching 
applications. 
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The sputtering yield is the most fundamental parameter of sputtering processes. It 
is very difficult to understand all of the surface interaction phenomena involved which 
contribute to the yield of a surface. The sputtering process is quantified in terms of the 
sputtering yield; defmed as the number of target atoms ejected per incident particle. 
The yield depends on the target species and on the bombarding species and its 
energy and angle of incidence. The particular collisions that give rise to sputtering occur 
primarily within about 1nm of the surface (refs. 25, 26). 
The sputtering yield is discussed in Refs. 27 - 29. The sputtered species are 
primarily atoms (refs. 17, 18), but. as well as positive and negative ions, atomic clusters 
and molecular fractions have been. The sputtered atoms are ejected from the target 
surface with considerable kinetic energy, for example 50 - 100 times higher than in 
vacuum evaporation (refs. 14, 18, 18). Sputtering Yields are determined experimentally. 
Several experimental sputtering yields and related data have been published (refs. 30, 
31). These values should be used with careful attention to each case because, especially 
in the case of a compound, each atom has different behaviour in comparison with a single 
element. The yield dependence on the bombarding ion energy· is seen to exhibit a 
threshold of about 1O-30eV followed by a near-linear range which may extend to several 
hundred eV. At higher energies, the dependence is less than linear (ref. 32). The 
roughness of most practic~l targets causes a trend towards random emission. This is 
particularly true of polycrystalline targets where the difference in yield for different 
crystallographic directions can lead to an increase in surface roughness as sputtering 
proceeds. 
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When the phases in a multiphase alloy target have a significantly different 
sputtering yield, the inhomogeneous sputtering yield over the target will cause an 
irregular surface topography to develop (refs. 33 - 36). In such cases, the eqUilibrium 
time will increase with grain or powder size. According to Sigmund's theory (ref. 29), 
the number of target atoms removed per incoming ions can be expressed as, 
where, 
u: the surface binding energy (in e V) 
~: atomic number of target 
Zp: atomic number of projectile 
Mt: mass of target atom 
Mp: mass of projectile atom 
a: . a function of MtMp (a function of the incident angle of ions, 
but not ion energy E) 
: a universal function, the nuclear stopping cross section of the 
reduced energy E = ElEtp, where 
M 
Etp= 0.0308X(1 + ~)ZtZp('i;/3+ Z~)l/2(inkeV) --- (2) 
t 
For E !> 0.02, as noted by Zalm (ref. 37), 
Sn (e) "" 1.7e°.5 ---(3) 
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Ch. Steinbruchel (ref. 27) presented the equation below for the best fit to the low energy 
data, where, 
Combining equations (I) to (4), 
Y = 5.2 
lJ 
--- (4) 
From equation (5), the sputtering yield ofTi' YTi = 1.40. 
If we hypothesise that equation (5) is applicable for the reactive D.C sputtering of Ti0 2' 
Where, 
YTi02 = 0.33 
Zt = 38 (Ti0 2) 
Zp = ~7 (02 x 0.7/2.7 + Ar 2/2.7, under our experimental conditions) 
Uapp = 22eV (Ti - Ti = 4.9 eV, Ti - 0 = 6.8eV, Ti f- 0 = 10.3 eV) 
In the completely oxidised target, the amount ofTi atoms going to the substrate is 
the difference between those ejected and those absorbed on the target as a result of 
reaction. 
The apparent surface binding energy is 22eV which is the sum of binding 
energies of Ti-Ti and Ti-O (ref. 38), and heat absorption (ref. 39). From a rough 
estimation, it seems that the sputtering yield of Ti under reactive sputtering decreases 
rapidly. 
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2.4.3. Secondary Electrons and Ions 
Since sputtering targets are held at high negative potentials, secondary electrons 
are accelerated away from the target surface with an initial energy equal to the target 
potential. These electrons help to sustain the glow discharge by ionisation of neutral 
sputtering gas atoms which in turn bombard the target and release more secondary 
electrons in an avalanche process (refs. 40 - 43). In addition, in sputtering, positive ions 
generated at the target surface cannot escape the negative target field. They are mainly 
generated through the glow discharge by electron-stripping collisions. On the other 
hand, negative ions result mainly from the sputtering and they are accelerated away from 
the target to the substrate (refs. 44, 45). 
2.4.4. Magnetrons 
Magnetron sputtering sources can be defined as diode devices in which magnetic 
fields are used in concert with the cathode surface to form electron traps which are so 
configured that the E x B electron drift currents can close on themselves in order to keep 
. . 
the discharge (Fig. 4). It is important to understand the trapped electron motion in the 
magnetic field. 
Moving Charges in E and B fields (ref. 46). 
The force on a stationary charge Q in a steady E field is, 
.F = QE 
-E 
y 
-B 
o o o 
x 
- -Fig.4 The Force under E and B. . 
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.. 
The force on Q moving with V in a steady B field is. 
Q.Y.x It 
At a point under both E and B fields. the total force on Q moving with V. (fig. 5) 
If = Q(E + YxIi) 
The general trajectory for any initial velocity can be obtained by solving the equation of 
motion. 
But another method is more instructive. It is apparent from the special case just 
mentioned that a charge moving with Vx = EIB experiences no force in the y - direction. 
The resultant motion from a fixed origin is thus a combination of a uniform circular 
motion and a uniform linear velocity in the same plane - a cycloid (Fig. 6). 
A radius of a circular orbit is. 
E.m 
r = 
B2Q 
E : electric field 
m : electron mass 
B : magnetic field 
Q : electron charge 
E B 
® ~-!...f ---.,;,.. ___ ~) v 
Magnetron Surface 
////// 
Fig,S Electron Motion in Crossed· 
E and B Fields, 
circular + linear motion = cycloid 
.j, 
Fig.6 The Motion of a Charged Particle. 
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A planar magnetron for sputtering generally runs with an applied potential of -400 to 
-SOOV, and a magnetic field of 300 to 1000 gauss. Under a condition in which the dark 
space is around O.5mm, 
r=O.S- 6mm. 
The drift velocity as, 
Vx=EiB 
Vx = 1 x 107 m/s 
2.4.5. Voltage and Current Relationship 
For an optimum magnetic field shape and intensity, typical voltage - current 
characteristics follow the relation, 
where I is the cathode current and V is the cathode potential (ref. 47). The more efficient 
the electron trapping the plasma, the higher the exponent n. J. A. Thomton (ref. 47) 
discusses the minimum potential to sustain such a discharge. 
Eo 
Vmin = Xieie. 
Xi the number of secondary electronslincident ions which leave the cathode 
Eo the average energy required for producing ions 
ei the ion collection efficiency 
ee the fraction of the full complement of ions V /Eo that is made by the average 
primary electron before it is lost from the system. 
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If it is hypothesised that the the parameters Eo' ~ are constant, the equation is a function 
of ei and ee' These parameters obey the configuration of the magnetic field. Therefore, 
as the flux linking the magnetron and the substrate increases, these parameters decrease 
and the minimum potential to sustain a discharge increases. 
2.5. Reactive D. C. Magnetron Sputterin~ 
D. C. sputtering can give a high deposition rate with a better quality film, but in 
the case of the reactive d. c. sputtering for complex compounds, there is the problem 
when a transition occurs as the reactive gas flow is increased. Such a transition has been 
widely observed in reactive sputtering (refs. 59, 60). As the reactive gas pressure 
increases, reaction products form on the target (it is 'poisoned') and the metal flux falls, 
leading to a decreasing consumption of the reactive gas. Sputtering from a metallic target 
surface, and formation of the desired film at the substrate, leads to the highest deposition 
rate and the best film properties (ref. 61). Therefore, it is important to keep the 
magnetron in a metallic, or partially metallic stage during sputtering. Unfortunately, the 
target poisoning leads to an unstable situation with the cathode switching from metal to 
oxide uncontrollably. 
In the following sections,. the instability mechanism and the various methods of 
getting a stable deposition system are discussed. 
2.5.1. Pressure Instability 
Often the partial pressure of reactive gas, Pr' in the preparation of thin films by 
reactive sputtering is an ambiguous function of the flow rate of the reactive gas, 0 r, and . 
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a hysteresis loop exists in pressure instability. If the pumping speed Sr is too slow, and 
the derivative d0/dP r is negative ~tween the points A and C, the hysteresis loop ABCD 
occurs (refs. 62 - 65) (fig. 7). There are two separate stable parts which are ODA and 
CB. The region of AC cannot be attained in the experiments without any sophisticated 
pressure controllers. If the response time of pressure controllers is very fast, the region 
of the hysteresis loop can be controlled following the way of ODACB; although the 
derivative d0/dP r is negative. When we consider the change of Ti02 in the region of 
ODA, the reaction from Ti to TiOx mainly occurs on the surface ofTi target. On the 
other hand, in the region of BC, the reducing reaction from TiOx to Ti happens. In this 
case, around its point B, the Ti target is completely oxidised. Within the hysteresis loop, 
because the sputtering yield of Ti02 is vety small in comparison with metal Ti, the 
reaction speed of the oxidisation seems to be much faster than that of the reduction. 
There are now two options available in order to avoid pressure instability if the pumping 
speed is too slow. At first, the pressure control follows the path from B, C to A by using 
a piezovalve, which is 2.5 times faster in response than a magnetic valve. In this case, in 
the region from A, C to B it is impossible to keep the pressure stable, but the path from B 
to the middle of BC is controllable because the reaction speed on the target in the latter 
case is much slower than in the former. In our experiments, the pressure control was 
operated by a piezovalve, following the path from B to C (Fig. 7), where the surface of 
the Ti target was changing from metal oxide into metal. Under the same experimental 
conditions, except with the optical emission controller, the oxygen partial pressure was 
controlled around between C and B points for a few minutes and resulted in about twice 
the deposition rate than that of point B in Figure 7. R. W. Lewin reported that, in order 
to get a stoichiometric Ti02 and the high deposition rate, the oxygen partial pressure 
could be stabilised around the middle of the transition by an optical emission controller 
(ref. 66). Unfortunately, in this case, we could not control the oxygen partial pressure 
• '0' ~.: 0 
lfr I~ .... ,·-·-·~· --
... .. 
-------
---F~ o . ( 
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Fig.? The Sputtering .System with 
the Hysteresis Effect. (from ref.62) 
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around the middle of the transition C, but we got about twice the deposition rate with 
high quality between points C and B. Consequently, the time response of pressure 
signals was not fast enough to control the oxygen partial pressure stably in the transition. 
Secondly, optical emission controllers are available for regulating the pressure (ref. 67). 
The heart of the control system was the optical emission controller using a band pass 
filter (Ealing 35 - 3367, 450 nm) and a photomultiplier (Monolight 6117). The light 
signals were transferred from a view port by an optical fibre into the photomultiplier 
through a bank pass filter. The signals were monitored by a digital multimeter (Philips 
PM2518X) at the same time. The Ti line intensity around 450 nm changed following the 
target change from metallic to oxidised stage. They were directed into a controller 
(Vacuum Genera180 - I), and the oxygen partial pressure was held stable around point C 
in Figure 7 to within 1% deviation by regulating a piezovalve (Fig. 8). 
2.5.1.1. Shutter System 
In our previous work, a shutter was moved from in front of the magnetron to 
reveal a substrate. Figure 9 shows the oxygen partial pressure change. When we opened 
the shutter to start an experiment, a pressure jump occUrred, although delicate pressure . 
. . 
control was required in order to get stoichiometric Ti02 films. Because, when the shutter 
is opened, the reactive gas consumption changes, and ,the pressure increases. In this 
research, we modified the apparatus with a new shutter system in which a substrate was 
movable from behind the shutter to in front of the magnetron. The pressure change was 
negligible in this case. 
2.5.1.2. Position of an Optical Emission Detector 
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In our experiment, it was important to choose the position where light signals are 
monitored. In.the case of position I in Figure 8, as the substrate moved into the plasma, 
extraordinary emissions occurred from the substrate which behaved as an insulator, so 
that the real light signals from metal emissions were sometimes lost. In order to prevent 
this happening, the position of the detector should be next to the substrate holder towards 
the magnetron (position 2) or next to the magnetron (position 3). We adopted position 2. 
If the light signals are monitored through a view port, an optical guide which is a metal 
tube is used in order to prevent it from being coated. 
2.6. The effect of the Auxiliarv Magnetic Field 
In this work, attention must be paid to what happens in the plasma when we 
. apply the outer magnetic field to it. The relevant positive column theory is shown below. 
The positive column is defined as the uniform region of the plasma between the 
electrodes under the glow discharge. There are two possibilities for the losses of 
electrons which are 'volume recombination' in a space and 'surface recombination' on a 
wall by diffusion transport. If the radius of the chamber, R, is smaller than a mean free 
pat.h of an electron, Ae, Langmuir-Tonks theory is. available. In the opposite case, 
Schottky theory is available, which is explained by ambipolar diffusion. In our 
experiments, the latter case is acceptable to explain the plasma parameters. 
2.6.1, Schottky Theory 
Electrons lose their charge by collision between electrons and neutral atoms or by 
diffusion to the walls. 
- Electron loss by diffusion -
• 
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Electron flux into a column of radius, r, per unit time by diffusion is, 
dN (r) 
I(r) = -21trDa ~ 
Da: Ambipo1ar diffusion co-efficient 
Ne: Electron density 
Electron flux out of a column of radius, r + dr, is, 
. dN (r + dr) 
I(r + dr) = -21t(r + dr) Da e dr (1) 
The density at the position of r + dr is, 
dN (r) dr 
Ne(r + dr) = Ne(r) + edr --- (2) 
From (1) and (2), 
[ 
dNe(r) d~e(r) dNe(r) I 
I(r + dr) '" -21tDa r dr +. 2 rdr + dr dr 
dr 
Electron loss out of thickness dr per unit area by diffusion is, 
I~ + "') • 1(,) = .,'"'+ d} + ':'] '" .- (3) 
If in the case of steady-state, the loss is, 
ZNe21trdr (4) 
(Z: ratio) 
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From (3) and (4), 
-21tDa[r d
2
Ne + dNej dr = ZN 2itrdr dr2 dr e 
[Da]l12 ifr = Z x, 
d2N dN 
e 1 e 0 
_ + -- + N = -- (5) 
dx2 x dx e 
As (5) is a Bessel equation, therefore, 
Ne = NeoJo(x) = Neio[r[~r21 
Neo : Electron density in the centre (r = 0) 
If the electron density is zero at r = R, 
Ne = NeoJo [2.4l~] ---' (6) 
From'the above explanations, if the electron distribution follows Schottky's theory, it 
becomes the Bessel distribution (6), If the electron density increases, the distribution is 
constricted. 
Following the paper (ref. 48), it is significant to compare the above explanations with the 
experimental results (1-V Characteristics). 
From reference 48: 
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Ji : the ion saturation current density 
Jis : the ion current density at the outer boundary of the ion sheath 
S : the surface area of the probes 
S ' : the surface area of the outer boundary of the ion sheath 
k : the Boltzman constant 
\ 
Illj : mass of an ion 
Te : electron temperature 
If the surface area of the outer boundary of the ion sheath can be regarded as being nearly 
equal to the actual surface area of a probe, equation (7) is applicable. For example, 
If with the magnets which are behind a substrate, Jim' Nem 
without magnets, Ji' Ne 
1/2 
Jirn= eXp(-l/l)eNerJkTen/mi ] -- (8) 
]
1/2 
J i = eXp(-l/l)eNel
kTjIl1 -- (9) 
From (8) and (9), 
N
em (10) 
We measuredIj andJim under a bias of -lOOV, using a Cu target. 
Ji = -7.5 x 10-4A. Vf= -18.0V 
Jim =-2.0x 1O-3A, Vf=-37.7V 
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From Vf ex Te, by using equation (10), NemINe'" 1.8 
Ji rose to a saturation value at -100V of the applied potential when the current collected by 
the probe was due entirely to ions. Jim did not saturate. Nem seems to be more than 1.8 
times of Ne when the extrapolation method is used to get accurate values of the ion 
saturation current. 
2.7. Ion Bombardment 
2.7.1. Methods ofTon Bombardment 
The ions are formed in a Kaufman ion source and then extracted into a vacuum 
chamber where they impinge on the substrate with the desired energy of from 250 to 
2000e V and current densities up to lmA/cm2. 
When a D.e. voltage between two electrodes is applied, at low voltage, little 
current is drawn and there is a uniform potential gradient across the chamber. The high 
energy ions that impinge on the cathode may: 
(1) produce secondary electrons 
(2) sputter secondary atoms 
(3) sputter surface contaminants (sputter cleaning) 
(4) become neutralised and reflect from the cathode surface as 
high energy neutrals or as metastable atoms 
(5) become incorporated into the cathode surface and change the 
surface properties. 
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Also, the energy distribution of sputtered atoms is higher (1 - 100e V) than that of 
thermally vaporised atoms (0.2 - leV). Especially, in the case of d.c. magnetron 
sputtering. This energy is used as an ion bombardment of a substrate during sputtering. 
2.7.2. Ion Bombardment Effects 
Effects of ion bombardment include: (1) sputtering, (2) defect production, 
(3) crystallographic disruption, (4) surface morphology changes, (5) gas incorporation, 
(6) temperature rise, (7) changes in surface composition, and (8) physical mixing of 
near-surface materials. These can be expected prior to deposition during interface 
formation and during fIlm growth. However, we concentrate our interest on the effects 
of ion bombardment during sputtering. Deposited materials often have properties and 
behaviours which are appreciably different to those found in bulk materials. These 
properties ,of deposited materials are strongly influenced by the ion bombardment 
2.7.2.1. Morphology 
The morphology ofa depositing film depends on how the odd atoms are 
incorporated into the existing structure. The application of bias was found to interrupt 
columnar growth and increase the film density close to the bulk value (refs. 49, 50). A 
pre-existing surface roughness or preferential nucleation will also lead to shadowing and 
a columnar morphology. The effects which exhibit preferred orientation are attributable 
to the focusing of collisions (refs. 51 - 54). An elevated substrate temperature will affect 
the morphology by increasing surface mobility, enhancing bulk diffusion and allowing 
recrystallisation to occur. J. A. Thornton presented the model which consists of the 
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formation of three zones which depend on the ratio of the surface temperature (T) to the 
melting point of the deposited material (Tm) (Fig. 10). The mechanisms responsible for 
film densification by ion bombardment have yet to be positively identified but must 
include local sputtering, recoil, and to some degree, thermal and/or displacement spikes. 
2.7.2.2. Ctystallography 
Stmctural order is generally controlled by the surface mobility of the odd atoms. 
Low mobility will lead to amorphous or small grained material. Ion bombardment of the 
depositing material may influence crystallography by enhancing diffusion and 
recrystallisation or by altering the nucleation stage of the film growth. 
2.7.2.3. Composition 
The bombardment of a continuously deposited film by reactive or inert gas ions in 
a reactive-gas atmosphere stimulates a surface chemical reaction (ref. 55). Too strong an 
ion bombardment may alter the composition of the depositing material by preferentially 
sputtering loosely bound atoms or plating atoms. 
2.7.2.4. Physical Properties 
Adhesion is sensitive to the state of the substrate-film interface and is generally 
improved if the arrival energy of depositing atoms is increased (ref. 14). Generally 
speaking, evaporative deposited films have a tensile stress while sputter deposited films 
have a compressive stress. Ion bombardment during deposition may increase the stress 
by focusing atoms into non-equilibrium proportions or may decrease stress by enhancing 
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Fig.10 The Influence of Substrate 
Temperature and Argon Pressure on 
the Struc ture. (from ref. 58 ) 
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stress relief mechanisms such as diffusion and recrystaIlisation. In addition, the use of an 
oxygen-ion beam during nucleation and growth stages can considerably enhance the mm 
adhesion by chemical effects (refs. 56, 57) .. A low intrinsic stress is usually des~ble for 
good adhesion, though in some cases, a compressive stress may be beneficial since, in 
materials under compression, fractures will tend not to propagate are therefore generally 
stronger than unstressed materials . 
51 
2.8. References 
1) N.A. KraIl, A.W. Trivelpiece, 'Principle of Plasma Physics', 
McGraw-Hill, New York (1973) 
2) O. Christensen, Solid State Technol.,ll, 39 (1970) 
3) I.W. Coburn, E.Kay, I. Appl.Phys.,13., 4965 (1972) 
4) O. Christensen, RI. Klein, I.Phys., E7, 261 (1974) 
5) L. Holland, Thin Solid Films, 27, 185 (1975) 
6) I.S. Logan, I.H. Keller, R.G. Simmons, I.Vac.Sci.Technol., 14,92 (1977) 
7) F.F. Chen, 'Plasma Diagnostic Techniques', Academic Press, New York, 113 
(1965) 
8) W.D. Davis, T.A. Vanderslice, Phys.Rev., 121,219 (1963) 
9) L.L Msissel, P.M.Schaible, I.Appl. Phys., :16., 237 (1965) 
10) J.L. Vossen, W.Kern, 'Thin Film Processes', Academic Press, London, 85 
(1978) 
11) F.F. Chen, 'Introduction to Plasma Physics', New York (1974) 
12) G.N. Iackson, Thin Solid Films, 5.,209 (1970) 
13) I.L. Vossen, I.Vac.ScLTechnol., .8., S12 (1971) 
14) K.L. Chopra, 'Thin Film Phenomena' McGraw-Hill, New York (1969) 
15) LS.T. Tsong, D.I. Barber, I. Mater.ScL,.8., 123 (1973) 
52 
16) W.D. Westwood, Prog.Surf.ScL, 1, 71 (1976) 
17) L.I. Maissel, 'Handbook of Thin Film Technology', McGraw-HiIl, New York 
(1970) 
18) M.I. Ridge, Ph.D. Thesis, Loughborough University of Technoloty, U.K. 
(1984) 
19) R.P. Howson, The Final Repon of the Energy, R & D programme, Contract 
No. EE-A-2-021-UK, (1984) 
20) R.L. Cormia, P.S. McLeod, N.K. Tsujimoto, Proc.Int.Conf.Electron Ion 
Beam Technol., 6th Electrochem.Soc., Princeton, NJ., 248 (1974) 
21) F.M. Penning, Physica (Utrecht) 3., 873 (1936) 
22) E.Kay, I.AppI.Phys.,~, 760 (1963) 
23) W.D. Gill, E. Kay, Rev.Sci.Instrum., 36, 277 (1965) 
24) . K. Wasa, S. Hayakawa, Rev.Sci.lnstrum., 40, 693 (1969) 
25) R.P. Webb, D.E. Hanison, Vacuum, 31. 847 (1984) 
26) T. Ishitani, R. Shimizu, Phys.Lett., 46A, 487 (1974) 
27) Ch. Steinbruchel, Alppl. Phys., A36, 37 (1985) 
28) Ch. SteinbrucheI, I.Vac.ScLTechnol., A3, 1913 (1985) 
29) Peter Sigmund, 'Sputtering by Ion Bombardment Ir ed. by R. Behrish, 
Topics, AppI.Phys., 52 (1983) 
53 
30) J.L. Vossen, E.B. Davidson, J.Electrochem.Soc., ill, 1708 (1972) 
31) P.D. Davidse, L.I. MaisseI, J.Vac.ScLTechnol.,.4, 33 (1967) 
32) H.H. Anderson, 'In Topics in Applied Physics' ed. by R. Behrish, Springer-
Verlag, New York, 47, 145 (1981) 
33) G.Ganner, J.S. CoIligon, M.J. Nobes, J.MatI.Sci., Q, 115 (1971) 
34) B. Navinsek, Progress in Surface Sci., 7., 49 (1976) 
35) P. Sigmund, J.MatI.Sci., 1\., 1545 (1973) 
36) M.J. Nobes, J.S. CoIIigon, G. Ganner, J.MatI.Sci., .4, 730 (1969) 
37) P.C. Zalm. J.AppI.Phys., 54, 2660 (1983) 
38) K.G. Geraghty, L.F. Donaghey, Thin Solid Films,.4Q, 375 (1977) 
39) W.M.H. Sachter, Trans.3d.Intern.Vacuum Congr., 1, 41 (1965) 
40) B.N. Chapman, D.Downer, LJ.M. Guimaraes, J.AppI.Phys., 45, 2115 
(1974) 
41) I.Brodie, L.T. Lamont, D.O. Myers, J.Vac.Sci.Technol., Q, 124 (1969) 
42) Y. Shintani, K. Nakanishi, T. Takawaki, O. Tada, Jpn.J.AppI.Phys., 1.4, 
1875 (1975) 
43) D.J. Ball, J. AppI.Phys., ~, 3047 (1972) 
44) A. Benninghoven, Surf.Sci., 28, 541 (1971) 
54 
45) A. Benninghoven, Surf.Sci., 35, 427 (1973) 
46) W.J. Duffin, 'Electricity and Magnetism' 3rd Edition 192 (1980) 
47) J.A. Thornton, J.Vac.Sci.Technol.,.li, 171 (1978) 
48) Sin-Li Chen, T. Sekiguchi, J.Appl.Phys., 36, 2363 (1965) 
49) D.M. Mattox, G.J. Komniak, J.Vac.ScLTechnol., 2., 528 (1972) 
50) R.F. Bunshah, R.S. Junts, J.Vac.Sci.Technol., 2., 1404 (1972) 
51) D.Dobrev, Thin Solid Films, 22, 41 (1982) 
52) D.Dobrev, M. Marinov, c.R. Acad.Bu1g.ScL, 26, 2~1 (1973) 
53) M. Marinov, Thin Solid Films, ~ 267 (1977) 
54) M.Marinov, D.Dobrev, Thin Solid Films, 42, 265 (1977) 
55) G.I. Grigorov, I.N. Maner, K.K. Tzatsov, C.R.Acad.Bu1g.Sci., 32.,. 1069 
(1979) 
56) P.J. Manin, P.P Netterfield, W.G. Sainty, Appl.Opt., n, 2668 (1984) 
57) P.J. Martin, J. Mater.Sci., 21, 1 (1986) 
58) R.F. Bunshah, 'Deposition Technologies for Films and Coatings' Noyes 
Pub., USA (1982) 
59) S. Schiller, G.Beister, W.Sieber, Thin Solid Films, 111,259 (1984) 
; 
60) A.G. Spencer, R.P. Howson, R.W. Lewin, Thin Solid Films; ill, 141 
(1988) 
55 
61) K.Suzuki, R.P. Howson, Proc.Int.Conf. on 'Ion Plating and Allied 
Techniques '83', Institute of Electrical Engineers of Japan, Tokyo, 889-899 
(1983) 
62) S.Kandlec, J. MusiI, J. Vyskocil, J.Phys.D., 19, 187 (1986) 
63) S.Kandlec, J. Vyskocil, lMusiI, 'E-MRS meeting' (1987) 
64) S.Kandlec, J. MusiI, J. Vyskocil, Vacuum, 37,729 (1987) 
65) S. Kandlec, J. MusiI, J. VyskociI, '8th Int'l Sympo. on Plasma Chemistry', 
Tokyo, Japan (1987) 
66) R.W. Lewin, Private Communication 
67) S. SchiIIer, U. Heisig, K. Stenfelder, J. Strumpfel, A. Friedrich, R. Fricke, 
IPA T '87 (Brighton) 23 (1987) 
56 
3. EXPERIMENTAL 
3.1. Vacuum System 
Every experiment was carried out using the unbalanced electro-magnetron 
which could be controlled by the adjustment of the current flowing through coils placed 
around the circumference and with a separate supply feeding a coil around the centre 
pole. ~e pressure control was operated in or out of the hysteresis loop by a 
piezovalve,77 -lOM, produced by Mu Tec Inc. The piezovalve, whose response time 
is 2msec, belongs to the type of proportioning control valve. 
The chamber used was 0.3 x 0.5m in size and pumped through a O.lm diameter 
hole (Fig. 1). The chamber was initially pumped by a rotary pump and later by a 
cryopump (Leybold - Heraeus, RW2) (Fig. 2). The cryopump utilises helium which is 
used as a refrigerant to produce cold surfaces where the surfaces freeze out any gases 
that are incident on them. These gave an ultimate chamber pressure of less than 3 x 
lO-/J.rorr. 
The D. C. magnetron power supply used was a commercial sputtering source 
supply (MOX) supplied by Advanced Energy Inc. The MDX magnetron drive uses a 
high frequency conversion tt;chnique to provide the regulation, high conversion 
efficiency and low stored energy at the output The conversion modules of switchmode 
have 90% efficiency from line to load. The high frequency method used gives 5 
microseconds response to plasma load changes. 
Fig.1 The Oeposition Chamber. 
Fig.2 The Pumping System. 
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3.2. Techniques for Thin Film Analysis 
3.2.1. Surface Analysis 
With the development of thin fIlm techniques, the characterisation of surfaces is 
becoming of greater importance because it is essential to establish the relationship 
between deposition parameters and the structure of coatings. Surface analysis 
techniques, such as Auger electron spectroscopy (AES), x-ray photoelectron 
spectroscopy (XPS), secondary ion mass spectrometry (SIMS), Rutherford 
backscattering (RBS), and scanning electron microscopy (SEM), can provide the 
appropriate physical and chemical in~ormation but they have advantages and 
disadvantages for analysing samples. Therefore, we must look for the surface analysis 
technique which is most suitable for a given problem. 
The following chapters are based on refs. 1 --3, but restricted to a few surface 
analysis techniques. 
3.2.1.1. X-ray Photoelectron Spectroscopy 
XPS, also known as ESCA (Electron spectroscopy for chemical analysis) is the 
. only technique which possesses the potential to supply the information (compositional, 
chemical state, and molecular bonding information) (ref. 4). 
- Basic Principles -
An electron struck by a quantum of sufficient energy may be released from the 
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atom to which it is bound, with a kinetic energy (Ek) given by, 
Ek=hv-Eb- 0 
where Eb is the electron binding energy within the atom, and 0 is the work function of 
the spectrometer. 
- Measurement -
In the basic XPS experiment, the sample surface is irradiated by a source of low 
energy X-rays (generally Al ka. (1487 eV) or Mg ka. (1254 eV) under ultra high 
vacuum (10-8 - 10_11 Torr). Although the X-ray photons penetrate deeply into the 
sample, the electrons which escape without energy loss come only from the outermost 
atomic layers, since low energy electrons have a very short mean free path in solids. It 
is estimated that these mean free paths range from about lnm in metals to about lOnm 
in organic polymers. The ejected photoelectrons enter the analyser and are dispersed 
according to their energies. They then strike a detector, and are counted and recorded 
in a suitable manner. In our measurements, in all cases, ESCA measurements were 
carried out in a SHIMAZU ESCA 750 (Mg ka, 8kV 30mA) at room temperature. The 
surface of samples was etched by argon ions (0.2mPa, acceleration voltage: 2kV, 
sample area: 6mm0, filament current: 20mA). The electron shower was used, if 
necessary, in order to prevent the samples from charging up (acceleration voltage: 
110V, filament current: 2A). The detector of the ESCA was adjusted forfull width at a 
half-maximum of Ag 3d 5/2 peak to 1.15eV. Experimental binding energies were 
measured with respect to the aromatic Cls binding energy of 285.0eV. Quantification 
of the photoelectron spectra (for example: PET) was carried out by curve fitting 
treatment. The lineshape of the samples was resolved by curve-fitting standard 
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contributions, and its peak area was counted by a digital technique and corrected for the 
ionised cross-section variation. 
3.2.1.2. Auger Electron Spectroscopv CAES) 
AES can supplement XPS on surface analysis information (ref. 5). XPS is a 
better technique to use if chemical information is required but AES can determine the 
relative concentrations from the amplitude of the various peaks with greater sensitivity, 
which enables detection of as little as 0.1 % of a monolayer of impurity in the surface; in 
addition to identifying the elements which are present. 
- Basic Principles -
If an electron from the K energy level is ejected, an electron from the L2 level 
may fill the vacant site releasing an amount of energy Ek - EL2' This energy may be 
transferred to another electron, possibly in the L3 level, which is ejected from the solid. 
This latter electron is the Auger electron and its energy E is given by, 
E=Ek - EL2 - EL3 
where Ek' EL2 and EL3 are characteristic of the particular element concerned. 
- Measurement -
AES system consists of a vacuum chamber (below 10.8 Torr) with an electron 
gun (1 - 10k V) to produce the primary electron beam and an electron spectrometer for 
energy analysis of the emitted secondary electrons. 
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When the primary electron interacts with the sample surface, a number of 
mechanisms exist such as which electrons are reflected, scattered or ejected from the 
surface to give the secondary electron distribution N(E) vs E, at all energies from 0 up 
to the primary beam energy. Since the Auger electron energy distribution is 
comparatively small in amplitude, the spectra are usually differentiated so that dN(E)/dE 
vs E is displayed. During the measurements, the samples are hit by the electron beam 
so that this can lead to some dissociation of the compound (ref. 6) and careful treatment 
of samples is needed to avoid damage. 
__ 3.2.1.3. Rutherford Backscattering (RBS) 
The technique of RBS can provide much better quantitative information than 
any other technique for elemental composition of thin solid fllms. Furthermore, RBS 
can give the depth distribution of atoms without any destruction. However, it can not 
give information concerning bonding between atoms. 
- Basic Principles -
If an elastic scattering occurs (Fig. 3-a), M3 = M 1 and M4 = M2. Rutherford 
scattering is an example. The energy of the scattered particle E3 is monitored. 
CB 
.. )( M3 
o E1 >®J~ _____ _ 
M1 M2\ 
E4@ 
M4 
Fig.3-a An Elastic Scattering Process. 
Fig.3-b Bragg Diffraction. 
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In order to express the scattering, 
is available in this case, where the kinematic factor is given by, 
The energy E3 is measured to get the mass of the samples from equation (1). 
If the collision interaction is Coulombic, the Rutherford cross-section formula is used 
to obtain quantitative information. 
dO' 
dQ 
where Zl and Zz are the atomic number of the incident and scattered particles. 
On the other hand, if the backscattering occurs at a depth 6x, the scattered particles will 
lose an amount of energy which is comparable to the depth, 6E. The lost energy is 
given by, . 
6E = [kS1 ~ S2] 6x I cosel 
where S 1 and S2 are the stopping powers for the inward and outward paths 
respectively. 
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- Equipment -
The ion beams are produced by an accelerator using a Van de Graaf generator, 
and then magnetically defected and analysed in a flight tube. The energy range of the 
ion beams varies from 500keV to 2 or 3 MeV of H+, D+, 3He+, and 4He+ light 
sources. The analysed beam current lies in the range of 1 - 100 nA, and a beam spot 
area is from 0.25 to 20 mrn2. The target and flight tube assembly is evacuated to 10.6 
Torr. In our case, RBS measurements were carried out to quantify the sample 
compositions as a standard for XPS. The ion beam of 4He + with 1500ke V was 
produced by an accelerator (Nishin High Voltage Ltd. AN-2500). The backscattering 
angle was 158.90 and the energy per channel was 2.878 ke V. 
3.2,1.4. Secondary Ion Mass Spectrometty (SIMS) 
- Basic Principles -
The primary ion beam is directed at the sample surface and the primary ions 
penetrate the solid surface colliding with the atoms in the sample and losing energy. 
Sufficient energy is transferred by the collision cascade to atoms in the immediate 
surface for some of them to be ejected into the vacuum. The sputtered particles emitted 
from the surface can be single atoms, or molecules in neutral, excited or ionised states, 
either positively or negatively charged, but SIMS can detect only the ionised 
component. 
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- Measurement -
The ion gun is used for producing beams of oxygen, argon, and cesium ions, 
focusing the ions to a fine spot and rastering that spot across the surface of the sample. 
The secondary ion current, Im+, arriving at the detector is given by, 
where, 
Jp: the primary ion current density 
A:. the sample area 
S: the sputter yield 
Pm +: the degree of ionisation 
f: the instrument transfer function 
c: the concentration of the element 
It is necessary to maximise Im + to get the height sensitivity. In our measurements, 
SIMS measurements were carried out in a SHIMAZU SIMS 500 (Quadruple type). 
The primary ions, argon ions, were operated under the conditions (0.10 mPa, 
Acceleration voltage: 0.5kV, filament current: 2 mAl. If necessary the electron shower 
was used under the conditions of an acceleration voltage of 11 0 V and a filament 
current of 2 A. 
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3.2.1.5. X-ray Diffraction (XRD) 
In addition to surface analysis techniques, XRD is widely used to identify 
crystal group and crystal size of samples. Also, we can obtain information about the 
stress by the displacement and broadening of the diffraction peaks (refs. 3, 7, 8). 
- Basic Principles -
If we consider the diffraction of X-rays of wavelength A. by a crystal, the amplitude of a 
diffracted ray will be a maximum when the path difference between rays reflected from 
successive planes is equal to a multiple !,f the wavelength. In this case (Fig. 3-b), the 
Bragg equation is available, 
2d sinS = nA. 
d: spacing of parallel atomic planes 
Scherrer [lISt obtained the important equation for evaluating the mean dimension, D, of 
the crystallites composing the powder which is related to the pure X-ray diffraction 
broadening, free of all broadening due to the experimental method employed in 
observing it, ~ by the equation, 
D= leA. 
~ cosS 
where k is a constant approximately equal to unity and related to the crystallite shape. 
By one of the Fourier procedures or by direct analytical evaluation of equations, which 
are in the form of Fourier integrals, when these functions are Gaussian curves, the 
integral breadth has the relationship: 
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where the squared breadth of the observed peak B2, equals the sum of the squares of 
the breadths of the pure diffraction profile ~2 and the profile of the instrumental 
broadening b2. In the present experiment, Scherrer's equation is given by, 
D= 
cosS 
By using the equation, we can determine the crystalIite size of samples when the 
instrumental factor b is defined. In our measurements, an X-ray diffractometer 
(RIGAKU DENKI K.K., RAD-yB, 12 kW/mm2, CuKa.) was used to study the 
crystalline characteristics. During the measurements, a step-scan method was adopted 
(sampling: 0.01 deglstep). 
3.2,1.6. Scanning Electron MiCTQscQPY (SEW 
The principles of electron microscopy are well documented (ref. 9). Essentially, 
it is a technique where, by using shorter wavelength radiation a resolving power, 
considerably better than that of optical microscopy, is obtained. Generally speaking, 
acceleration voItages range from 50 to 100 kV and sometimes from 500 to 1500 kV. In 
the case of scanning electron microscope, the resolving power depends on the size of' 
the electron probe as the electron probe runs over the sample. Usually, the resolving 
power is about 100 A. In our observation, the morphology of the sample was 
observea by SEM (JEOL - SEM 15). 
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- Summary-
The combination of input probes and detected emission, such as electrons, ions, 
photons and panicles, can give rise to a large number of analytical techniques . 
. Table 1 shows the physical basis of each technique, the excitation source and the 
detected species. 
Table 1 
Technique 
AES 
XPS 
SIMS 
RBS 
Excitation Source 
electrons 
photons (X-ray) 
ions 
light ions 
Detected Species 
secondary electrons. 
secondary electrons 
secondary ions 
scattered primary ions 
Table 2 summarises the advantag~s and disadvantages of the various techniques. 
- I 
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Table 2 
Advantages Disadvantages 
AES High spatial resolution. Possible charging problems with 
rough insulators. Depth profiling for major elements. 
Narrow range of sensitivities. 
Quantitative to ± 10% with standards. 
XPS Chemical state information. 
Suitable for delicate materials. 
Possible beam damage on delicate 
materials. 
Destructive ion depth profiling mode. 
Limited spatial resolution. 
Depth profiling very slow. 
Quantitative to ± 10% with standards. Destructive in depth profiling mode. 
SIMS Very high sensitivity for elements. Destructive. 
Good spatial resolution. Very wide range of sensitivities. 
Quantitative to ± 10% with standards. Not quantitative for inhomogeneous 
for homogeneous systems. systems. 
. RBS Non destructive. 
Atomic loction information. 
Absolutely quantitative ± 5%. 
Limited elemental resolution . 
Limited spatial resolution. 
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3.2.2. The Stvlus Techniques 
These measurements are well known with examples such as the Talystep 
measurement and the three dimensional surface roughness meter. This technique uses a 
fine pointed stylus which is moved over the surface. The vertical movements are 
measured by an electrical displacement type pick-up, where the transducer is a variable 
air gap differential inductance. The Talystep can measure with a reliability of Snm ± 
Inm if the sample with a clear edge was made onto a glass slide (ref. 10). The latest 
model which is a three dimensional surface roughness-meter can measure the thickness 
and the surface roughness of the sample automatically in order to avoid operator error, 
but its principle is the same as the Talystep. In our measurements, the morphology of 
the sample was observed by a three dimensional surface roughness-meter (KOSAKA 
KENKYUSHO Ltd. SE - 3AK). 
3.2.3. Ellipsometrv 
It has long been established that thin fIlms can be detected on surfaces by the 
change in ellipticity of a beam of light following its reflection from the surface (refs. 
11, 12). Ellipsometry is the most reliable method to measure the optical constants of 
thin fIlms. Figure 4-a shows the principle of the ellipsometer and also the shape of an 
electric vector of light seen at the positions from M 1 to MS in Figure 4-b. The light 
< 
from the light source has random directions of the vibration at M 1. After the light 
passes through the polariser e is 1t/4, the elements of x and y axes become equal. 
When the linearly polarised light passes through the sample, the amplitude and the 
phase of light change at M3' and as a result, the light becomes elliptically polarised. 
The light through the 1t/4 plate at M4 can give the angle e between x and ~ axes, which 
(a) light source l . po arlser detector . 
D 0 ( b) ~ . e '. , , . 
"':' . 
M1 M2 : M3 MS 
• VM4 
Fig.4 A Schematic Diagram of the Ellipseometer. 
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is the slope of the ellipse. Also, the light through the analyser can give the angle 0. 
These angles e, 0 are related to the refractive index in vacuum no' refractive index of a 
thin film n, thickness of a thin film d, refractive index of a substrate ns, and the incident 
angle 0 0 • If we know no' ns and 0 0 , we can assume nand d by ellipsometry. In our 
measurement, an ellipsometer was used to evaluate the refractive index and thickness of 
samples (Gaertner Scientific Corporation). The samples on glass were used because 
polyester, by its method of production, was biaxially oriented and this produced 
variations in the refractive index depending on orientation. The errors in this technique 
have been estimated to be less than 1 % with reflection at 633 nm and with samples free 
from absorption (ref. 13). 
3.2.4. The Measurement of Dielectric Properties 
The dielectric properties of a sample which are dielectric constant, and loss as a 
function of frequency, were measured by an impedance-gain phase analyser (YHP 
4192 A). The samples to measure were specially made with the structure of electrode / 
thin film / electrode / glass. These dielectric properties, which are related to the 
refractive index, contain a lot of information on density, structure and crystallinity. 
They are important parameters in describing the properties of thin films (refs. 14 - 16). 
3.3. Electro-magnetron and Conventional Magnetron 
3.3.1. Original Works 
Initial research on the e1ectro-magnetron were done by A. G. Spencer (refs. 17, 
18). His purpose was to make ferro-magnetic thin films by D. C. magnetron sputtering 
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and then investigate the effect of the magnetic field strength on the operation of the 
magnetron. To use a planar magnetron with a ferro-magnetic target requires some 
modification to either the target or the magnetron. The problem is that a ferro-magnetic 
target acts as a magnetic short circuit and diverts the magnetic flux which would 
normally lie above the target. In a standard C.Y.C. magnetron, a ferro-magnetic target 
reduces the external magnetic field so that the magnetron functioned only with a 
conventional glow discharge (Fig. 5-a). 
Secondly, to produce ferro-magnetic thin films, the magnetic field distribution 
was modified by placing the poles of the magnetic circuit in front of the target surface 
(Fig. 5-b). This magnetron worked very well with a flatter erosion profile. Also, 
using external pole pieces, magnetic fields essentially parallel to the target surface have 
revealed that when the magnetic material was concentrated in the outer ring of a circular 
structure, to create the field lines in the centre, a strong beam of plasma could be seen 
leaving the operating magnetron and impinging on the substrate (ref. 26). 
An electromagnet was built using solenoids instead of the permanent magnets 
more usually used, in order to investigate the effect of magnetic field strength (Fig. 
5-c). In the electro-magnetron design, the poles were 5mm above the target and so the 
magnetic field at the target surface was curved in the opposite sense to the C. Y.C. 
magnetron. The magnetic poles in front of the target, which are at the target potential, 
. . 
can be sputtered and contaminate the film. To minimise the sputtering of the exposed 
poles, the magnetic field in front of the poles should be normal to the pole surface. 
This produces the maximum removal rate of electrons from the vicinity of the poles and 
therefore reduces ionisation and sputtering. Sputtering of the· poles and of other 
surfaces can be prevented by earth shielding (refs. 19,20). Allowable impurity levels 
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vary with the application. If the highest possible purity is required, then the initial 
hidden pole design is to be favoured, and target utilisation must be sacrificed unless a 
moving magnet or target system is used (ref. 21). Also, in this electro-magnetron, a lot 
of magnetic field leaked towards the substrate when the outer pole solenoid current was 
increased. 
Funhe=ore, B. Window and N. Savvides developed the unbalanced dc 
magnetrons as sources of high ion fluxes (refs. 27, 28). They also used a pe=anent 
magnet assembly of the unbalanced type, comprising an outer annular pe=anent 
magnet (AINiCo with outer diameter 70 mm and inner diameter 37.5 mm) and an inner 
soft iron pole (10 mm dia.). By using such an unbalanced magnetron, they reponed 
the dependencies of ion flux and self-bias voltage on the discharge current, gas 
pressure, target composition and gas composition. The results showed that the ion flux 
was proponional to the discharge current and was independent of target composition 
and approximately independent of the gas pressure and gas composition. In addition, 
the self-bias voltage was approximately constant over the same range of conditions. 
Such devices could fo= a useful source of neutralised ion beam bombardment of a 
growing mm; perhaps made from magnetron sputtered material. 
In our study, in order to provide full control over the magnetic field 
configuration and magnitude, it was decided to construct a structure using a magnetic 
field controlled by outer and centre pole solenoids through which the currents would be 
varied and with variable pole piece configurations. 
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3.3.2. eve Magnetron 
The standard eve magnetron sputtering apparatus was used in comparison 
with original work (Fig. 6). The diameter of the eve magnetron was 200 mm. The 
chamber which was used in our research was 300 x 500 mm in size and pumped 
through a 100 mm diameter aperture. A 3 mm thick aluminium sheet was placed on the 
magnetron as a target. The magnetic field was 1000 Gauss at the centre of the 
magnetron. The cosine element of the magnetic field was measured by the gaussmeter 
(101-B, LDJ Electronics Inc). Figure 7 shows the contour map of the magnetic field 
along the perpendicular direction to the magnetron (Gauss), and 'iron filing' profile of 
the magnetic field respectively. The configuration of the magnetic field was divergent 
from the magnetron. 
3.3.3. Electro-magnetron Design 
An electro-magnetron was constructed of circular geometry with eight outer 
pole solenoids and a centre pole solenoid. There were cooled coils formed into a 
double wound solenoid (Figs. 8; 9a-d). A magnetic field strength of up to 800 Gauss 
can be produced in the centre of the pole gap with 100A through all solenoids. With 
only the outer pole solenoids on, and current of the solenoids increasing from 30 to 
90A, the magnetic field increases. Up to 30A, the flux from the outer pole entered the 
centre pole, and thereafter there was considerable leakage in the magnetic field along the 
normal direction to the axis of the magnetron (Figs. 10, 11). When only the centre pole 
solenoid was on, and the current in the solenoid increasing, the magnetic field 
dispersed outwards (Figs, 12, 13). By adding an outer pole solenoid to a centre pole 
solenoid current with the same sign of poles (Fig. 13-A), the plasma became more 
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condensed, and it gave a typical plasma sheath (Figs. 14, 15). The target material was 
aluminium. 
3.3.4. Probe Configuration 
The probe to measure the electron and ion currents of the substrate was 
composed of a 6 mm diameter disk mounted in the position which was 60 mm from the 
magnerron and on the cenrre axis of it. The probe was biased at various voltages and 
the current was measured. The other probe used to measure the heat load was mounted 
next to this. It was composed of 50 x 50 x 1 mm aluminium sheet. A platinum film 
temperature sensor (RS 158-238) was placed in good thermal contact with it. A heat 
sink compound (RS 55-431-1) was used to maintain good thermal contact. The probe 
was equipped with a lead wire to measure the temperature under bias voltages. An 
electrical and thermal insulator was used as the connection berween the probe and a 
holder. 
3.3.5. Current-Voltage Characteristics of the Plasma 
3.3.5.1. Balanced Magnerron 
Figure 16 shows the current-voltage characteristics of the probe. The current 
was measured under a bias of from 28 to -250V at 0.27Pa of argon. The currents were 
related to the magnerron cathode current and rose to saturation values for both signs of 
the applied potential. In this case, the current collected by the probe is due entirely to 
either positive ions or elecrrons. A probe placed in a plasma is bombarded by a flux of 
elecrrons and ions and reaches a floating potential V f which is the point of intersec tion 
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with the current curve on the applied bias voltage axis. It was positive in this case. 
The probe to measure the current was in a magnetic field about 100 Gauss and, 
because the Larmor radius of electrons was so small, the electrons to the probe would 
be more influenced than would the ions. A detailed analysis requires that additional 
considerations be made on the plasmas surrounding the probe: it will be necessary to 
apply Langmuir probe theory, for example, for electron and ion densities, Debye length 
and secondary electron emission (refs. 22-24). 
3.3.5.2. Electro-magnetron 
Figure 17 shows I-V characteristics of the probe in the extended plasma which 
was made by the electro-magnetron. The probe current was measured under a bias of 
10 to -200V at 0.27Pa of argon. The probe current increased, as the cathode current 
rose, but in this case, the ion current did not saturate. It might be thought that the 
motion of electrons follows the configuration of the magnetic field and ions catch up 
with -them to keep electrical neutrality of the plasma. The floating potential became 
saturated at about -30V as the magnetic field was varied through the current to the outer 
coils (Fig. 18). 
3.3.6. Heat Load 
The method used to measure the heat load required an observation of the rate of 
rise of temperature of the probe and a knowledge of its thermal mass. According to a 
temperature history of the samples as a function of time at 0.27Pa, it increased in 
proportion to the cathode current and the unbalanced magnetron gave a faster increase 
oftemperature than the balanced magnetron (Figs. 19, 20). Figure 21 shows heat 
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load/input power as a function of cathode current. The unbalanced electromagnetron 
can produce about six times the head load of the balanced magnetron under the same 
conditions. If we take the floating potential of the probe, as obtained from the I-V 
characteristics, as around -30V and assume that this describes bombardment of the 
probe with 30e V argon ions which are compensated by electrons and retarded by the 
potential to have very little energy, the energy input in to the probe will be from lmA of 
30eV ions into a 6 mm diameter probe for a target current of SOOmA. This gives 
lkWm-2 which corresponds very well with the heat flux that is measured for these 
conditions. 
3.3.7. ESCA and SIMS Spectra of Samples 
3.3.7.1. Balanced Magnetron 
The spectra, which are narrow scans of lines of carbon Is and oxygen Is of 
PET, showed good agreement with a previous publication (ref. 25). A surface 
composition of71.6 atom% carbon was shown from ESCA spectra in which theoretical 
contents of carbon and oxygen are 71.4 atom% (Figs. 22, 23). The small difference 
between experimental results and theoretical values will be due to hydrocarbon 
contamination. This means that the surface of PET is pure and clean. Both the Al 
peak and the AI-0 peak in the narrow scan aluminium spectra of Al 2p were seen (Fig. 
24). After 5 minutes etching, the AI-0 peak was still there. Quantification of the 
ESCA spectra yielded a surface composition of 57.S - 65.9 atom% aluminium and 32.S 
- 41.1 atom% oxygen for our experimental samples. 
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Many cases of contamination by hydrocarbons, fluorine, sodium, potassium and iron 
were seen in a wide scan ESCA spectrum and in a SIMS spectrum, as a function of 
mass number (Fig. 25). It especially showed that iron atoms came out from the target, 
since iron screws holding the target were sputtered by the plasma. 
3.3.7.2. Electro-magnetron 
We found the Al peak and also the Al-O peak in narrow scan aluminium 
spectra of samples made under the condition of 90A outer pole solenoid current and 
27 A centre coil current. It seemed that aluminium reacted with oxygen gas in the 
chamber, because there were many chances to collide as the deposition rate was too 
slow. We studied the relation between oxygen and the deposition rate of aluminium in 
vacuum evaporation. We found that the ratio of oxygen to aluminium atom decreased 
as the deposition rate increased (Fig. 26). This suggests that the content of oxygen in a 
thinf!l.m can become less as the deposition rate increases. B ut the greater incorporation 
of it into bombarded films is attributed to the increased activity given to the residual gas 
by surface bombardment. We found contamination by hydrocarbons, fluorine, iron, 
cobalt, magnesium and silicon from the wide scan ESCA spectrum as a function of 
binding energy and from the SIMS spectrum as a function of mass number (Fig. 27). 
It seemed (from the aluminium technical data) that magnesium and silicon came from 
the aluminium target. Cobalt had been sputtered, so that the centre pole would be 
covered with cobalt thin f!l.ms. Iron would come out from the centre pole piece. Table 
3 shows the· content of the thin films whiCh were made under the condition of O.27Pa, 
cathode current O.aA. 
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Table 3 
Sample Outer pole Centre pole Al content Fe content 
current (A) current (A) atom % atom % 
UM6 90 43.9 2.6 
UM7 90 25 43.8 5.7 
UM8 90 27 42.2 6.7 
As the beam of the plasma became condensed like a sheath, the content of iron 
increased. This revealed that a centre pole would be sputtered. In order to reduce the 
above contaminations, we modified an iron centre pole into a new pole with the 
. aluminium cap. 
Table 4 shows the content of the thin film which was made with the modified 
target with an aluminium cap on the pole piece. 
Table 4 
Sample Outer pole Centre pole Al content Fe content 
current (A) current (A) atom % atom % 
UM6' 90 46.5 0.7 
UMT 90 25 41.9 0.6 
3.J8, X-ra~ Diffraction 
J3,8.1. Balanced Magnetron 
Figure 28 shows the X-ray diffraction pattern. Two small peaks, which are 
derived from Al (111) and Al (200) were seen, in addition to the PETpeaks, but the 
peak intensity is so small due to the fact that the amorphous region dominates. 
Apparent crystal size of aluminium were estimated at about 100 to 200 A from the 
width of the line at half maximum. 
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3.3.8.2. Electro-magnetron 
Figure 29 shows the X-ray diffraction pattern. Two small peaks which are 
derived from Al (Ill) and Al (200) are seen. The apparent crystal size was calculated 
from the below equation. These results are provided in Table 5. 
TableS ' 
Sample Cathode Outer pole Centre pole Peak intensity Apparent 
current ' current current 1(111) crystal 
(mA) (A) (A) (counts) size (A) 
UMI 200 30 182 219 
UM2 400 30 
UM3 800 30 346 187 
UM4 200 90 392 201 
UMS 400 90 335 186 
UM6 800 90 289 174 
UM7 800 90 25 250 131 
UM8 800 90 27 
UM9 800 20 80 189 153 
UMlO 800 60 80 299 219 
L(1ll) kxA. = 
~ x cosS 
where k = 0.9 (const.) 
A.=1.S418A 
~=(B ob? - b2) 1/2 
An amorphous region was also dominant in these cases. There are no 
significant differences between a balanced magnetron and an electro-magnetron on the 
apparent crystal size of aluminium thin films that are made. However, it was found that 
the unbalanced electrically controlled model could give six times the heat load to a 
substrate in comparison to a balanced permanent magnet structure, but it might not be 
large enough,to anneal then: and make them into larger micro-crystalline structures. 
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3.3.9. Three Dimensional Surface Roughness Meter and SEM 
. The. surface morphology of PET was seen to be flat with no steep projections. 
As the thickness of a thin film on PET deposited by the electro-magnetron increased, 
disordered streaks appeared. If we assume that the floating potential is around -30V, it 
gives bombardment of 30eV argon ions which are compensated with electrons which 
are retarded by the potential to have very little energy. The surface of the film is due to 
the bombardment of the incident particles. But this damage to the surface was small 
and no major effects on the surface could be recognised (Figs. 30, 31). 
3.4. The Control of the Floating Potential 
3.4.1. The Method by Placing an Electrode 
The floating potential was controlled by placing an electrode in the beam and 
varying the resistance of this to earth (ref. 29, Fig. 32). The magnetron used was the 
same one which was described in Chapter 2 .. 3 (Fig. 33). Slide glasses were employed 
as substrates, 75 x 26 mm in size. Three positions were chosen for SEM investigation, 
15 mm (1-1), 37 mm (1-2), and 60 mm (1-3) f;om the top respectively. 
Figure 34 shows the morphology of the surface and a cross-section of the film. 
Surface damage was seen over the samples especially at the centre. Rough surface 
damage was observed which appeared to be due to the bombardment. However, 
without a beam, no surface damage was found in any position. The cross-section of 
- both samples was fine and smooth. The result was explained by the fact that the ion 
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and electron currents were trapped by an anode, and decreased. Consequently, the 
floating potential decreased in magnitude to -4V. 
Figure 35 shows the ion current, the electron current and the floating potential 
as a function of probe positions. Measurements were made relative to the axis of the 
unbalanced magnetron. The distribution appeared to be Gaussian except for the 
floating potential in the region of a 120 mm circle. In the centre region of the beam, the 
floating potential was constant at about -20V. Above that the results showed that the 
diameter of the effective beam was about 40 mm. Also, the distribution of these ion 
and electron currents was completely coincident with the change of surface damage 
observed by SEM. 
3.4.2. The Method bv Using Auxiliary Magnets 
Many investigations have been made of the control of the floating potential by 
using auxiliary magnets. K. Ounadjela et al built a substrate holder which consisted of 
parallel pieces of copper on which the glass substrate was fixed (ref. 30). On each side 
of the copper pieces, they placed a permanent magnet. The permanent magnets were 
covered by a circular iron plate with a slit in the centre through which the deposition 
took place. Visual inspection revealed that the plasma was essentially confmed between 
the target and the iron plate. 
On the other hand, we have the sputter gun and S-gun invented by Clarke (ref. 
31). Bias may be applied either electrically or magnetically in both types of circular 
magnetrons. Magnetic bias especially, has been used to increase or decrease the 
surface-bombardment during the film deposition (ref. 32). D. B. Fraser et al studied 
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the influence of the auxiliary magnet on the glow extending from beneath the sputter 
gun into the chamber. A cylindrical magnet placed beneath the substrate and whose 
axis coincided with that of the sputter gun was used in tests to set up aiding or 
opposing fields. When an opposing magnet to the magnetron was used, the plasma 
was dispersed. With an aiding auxiliary magnet, the plasma became confined in a 
column (Fig. 36). 
We followed this method in our study; pe=anent magnets with various 
magnetic fields were employed to control the strength of the magnetic field at the 
substrate. They were installed at the rear of a substrate, outside of the chamber (Fig. 
37). Three situations were investigated, these were (1) the N pole (magnetron) to S 
pole (substrate), (2) N pole (magnetron) to N pole (substrate), and (3) N pole 
(magnetron) to no auxiliary magnet (substrate). The columnar pe=anent magnet, 
which was mainly used in our research was 70 mm diameter and 53 mm high with 700 
Gauss measured at the pole. When the auxiliary magnet was employed in order to 
control the floating potential, the electron density changed at the same time. In this 
case, if the electron distribution follows Shottky's theory, it becomes a Bessel 
distribution (ref. 33). If the electron density increases, the distribution is much more 
constricted. When we calculated the electron density, following the paper (ref. 34), the . 
electron density at the floating potential of -59V changed to 3.4 times that at -3V. This 
implies that it is impossible to control the floating potential and the electron density at 
the same time with this technique. 
In the following chapters, the influence on the plasma of the auxiliary magnets 
behind the substrate, the magnetic configuration, and the pressure will be discussed. 
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3.4.2.1. Current - VoIta~e Characteristics 
To measure the influence of the auxiliary magnets behind the substrate relative 
to the standard conditions without the auxiliary magnets, the current was measured 
under a bias of from -200 to 6V at 0.27 Pa of argon. Figure 38 shows the current -
voltage characteristics of the probe using a copper target. The probe current increased 
as the cathode current rose. The currents were related to the cathode current and rose to 
saturation value for the applied positive potential. The ion current for the applied 
negative potential did not saturate. In particular, the ion current at 0.8A into the cathode 
increased rapidly with the negative potential. The current collected by the probe is due 
entirely to positive ions or electrons under biases of -100 and 5 V respectively. 
3.4.2.2. Ma~netron Potential 
Figure 39 shows the magnetron potential against the outer pole solenoid 
current. There was not a big difference between the standard (~), N pole (magnetron) 
to S pole (substrate) (0), and N pole to N pole 0 from 30 to 90 A of the outer pole 
solenoid current. This means the input power to the magnetron is the same, although 
the configuration of the magnetic field causes changes in the plasma. B ut there was a 
big difference at 20A into the outer pole solenoid current. It seems that the magnetic 
field behind the substrate strongly influences the electro-magnetron as it is hard to keep 
a stable discharge at Iow currents. J. A. Thomton has considered the minimum 
potential to sustain such a" discharge (ref. 35). If it is hypothesised that the parameters 
of Eo' Xi are constant, the equation works as a function of ei and ee (see section 
2.4.5.). These parameters must obey the configuration of the magnetic field. In order 
of N pole to N pole 0, standard (~), and N pole (magnetron) to S pole (substrate) 
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(0), the flux linking the magnetron and the substrate increases and the minimum 
potential to sustain a discharge increases. 
3.4.2.3. Probe Currents 
Figures 40 and 41 show the probe currents related to the input power which are 
measured under biases of 5 and -lOOV for different values of the outer pole solenoid 
current. They were obtained from the current-voltage characteristics of the probe. In 
this case, the current collected by the probe is due entirely to electrons or positive ions 
respectively. The absolute values of ion and electron currents in the case of N pole 
(magnetron) to S pole (substrate) (0) increased much more than in the case of the 
standard (~) as the outer pole current increased. On the other hand, in the case of N 
pole (magnetron) to N pole (substrate) 0, it was smaller. These results describe that 
the magnetic configuration of the former (0) is extended, like a plasma sheath, by 
permanent magnets at the rear of a substrate, and the latter 0 is disturbed by them.· 
Figures 42 and 43 show a view of the plasma with the magnetic constructions 
of N pole (magnetron) to S pole (substrate) and N pole to N pole respectively. These 
photos prove the previous results in Figures 40 and 41. 
3.4.2.4. Floating Potential 
Figure 44 shows the floating potential as a function of the outer pole solenoid 
current. This result shows the similar behaviour to Figures 40 and 41. The maximum 
floating potential V f was -38 V at 90 A of the outer pole solenoid current in the case of 
N pole (magnetron) to S pole (substrate). On the other hand, the minimum floating 
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potential was -9 V at 20 A of the outer pole solenoid current, in the case of N pole to N 
pole. We tried to employ two ring permanent magnets, with the N pole (magnetron) to 
S pole (substrate) to extend the floating potential. The maximum floating potential was 
-48.5 V. The minimum floating potential was -4.5 V, when the ring permanent magnet 
was N pole to N pole. We can expect a different crystallinity in the fIlm depending on 
the floating potential, from -4.5 to -48.5 V. 
The effect of oxygen gas on the floating potential was observed as a function of 
the outer pole solenoid current (Fig. 45). Both experiments were carried out at the 
same pressure (ll: 0.27 Pa Ar, 0: 0.13 Pa Ar + 0.14 Pa 02)' In the case of the plasma 
with oxygen, the floating potential was much bigger than the case without oxygen, with 
the outer pole current increasing. It seem that the floating potential is influenced by the 
formation of oxygen negative ions, and they can make it increase. Furthermore, we 
could extend the floating potential from -3 to -59 V by employing permanent magnets. 
3.4.2.5. Crystallinity and Morphology 
Figure 46 shows the X-ray diffraction pattern. Two peaks, which are assigned 
to Cu (111) and Cu (200) were seen. The more dominant Cu (111) peak was used as 
the measure of crystallinity. Apparent crystal size and interplanar spacing were 
calculated using Scherrer's technique (Fig. 47). It is more convenient to calculate the 
crystal size from the breadth P of a peak, corrected for the instrumentation broadening 
of it (ref. 36). A value was determined from Si single crystal profile (Fig. 48). The 
broadening of Cu (111) increased slightly up to -30 V of the floating potential, and then 
decreased with funher measurement and the Cu (200) gave similar behaviour. This 
result describes that up to -30V of the floating potential, the crystal size can grow 
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slightly and the packing formation can be loose. With the floating potential increasing, 
the partially crystallised sample is destroyed by the bombardment and atoms are bound 
more tightly. Figures 49 - 51 show the morphology from SEM with the floating 
potential of -5, -30 and -4S V respectively (the scale bar is 1 Jlm). Grain size of the 
samples grew with the floating potential but there were wide grain boundary variations 
over the samples. 
3.5. The Effect of the Magnetic Field Configuration 
3.5.1. Deposition Rate 
The magnetic field configuration is controlled through changing the solenoid 
currents. Figure 52 shows the deposition rate and the magnetron potential against the 
outer pole solenoid current. As the outer pole solenoid current increased from 20 to 
SOA, with the centre pole solenoid current off, the deposition rate and the magnetron 
potential decreased rapidly. (However, the discharge could not be kept stable below an 
outer pole solenoid current of 20A). With the outer pole solenoid current increasing, 
the magnetron potential decreased to keep a constant cathode current This means that 
total power to the magnetron changes with it. Figure 53 shows the deposition 
rate/input power as a function of the outer pole solenoid current. It was constant at 
19rnA!s/W in spite of the outer pole solenoid current. This result shows that the same 
number of aluminium particles can reach a quartz oscillator for a control input power. 
They are mainly composed of neutral aluminium atoms and positive aluminium ions but 
the ratio of the former to the latter changes with the outer pole solenoid current because 
the floating potential of the plasma changes with it. 
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3.5.2. Floating Potential 
Figure 54 shows the floating potential of a probe relative to the outer pole 
solenoid current It increased from -20 to -30 V with an outer pole solenoid current of 
from 20 to 90A. This describes that the bombardment energy of the probe changes 
from 20 to 30 eV ions, which are compensated with electrons, giving a continuous 
bombardment to an insulated substrate and results in low ion energy bombardment of a 
high current density. This bombardment seems to enhance film growth during the 
sputtering. Therefore, we can expect different crystallinity of thin films on an insulated 
substrate in this region of the outer pole solenoid current. 
3.5.3. Probe Currents 
The current-voltage characteristics of a probe was measured under a bias of 
from 10 to -150 V. The currents rose to saturation values for both signs of the applied 
potential. In this case the current collected by the probe is due entirely to positive ions 
or electrons. (We ignored the effect of secondary electron emission and Debye length 
to apply Langmuir theory.) Figure 55 shows probe currents per input power, which 
were measured under biases of 10 and -150 V, as a function of the outer pole solenoid 
current A maximum and minimum existed. In the region from 20 to 40A of the outer 
pole solenoid current, the configuration of the magnetic field seemed to be 
homogeneous and concentric along the normal direction to the magnetron. Electrons 
moving to the probe in this region would be more influenced than ions and trapped' 
there because the Larmor radius of electron was so small. On the other hand, it seemed 
that ions which are more massive than electrons would be less influenced but the 
Coulomb's force worked between them in order to keep electrical neutrality of the 
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plasma and the diffusion of ions outwards is retarded by it. In the region of from 40 to 
80A of the outer pole solenoid current, the magnetic field became dispersed outwards 
and there was considerable leakage in the magnetic field along the direction normal to 
the magnetron. Therefore, it seems that the motion of the electrons follows the 
configuration of the magnetic field and then ions catch up with them to keep the 
electrical neutrality of the plasma. 
3.4.4. The E;qJerimental Iron Filing Profile of the Magnetic Field 
Figures 56 and 57 show the experimental iron fIling profIle of the magnetic field 
under 30 and 80A of the outer pole solenoid current separately. The former 
configuration of the magnetic field seemed to be confined and concentric but in the latter 
case the field dispersed outwards like a fountain. These results prove that the changing 
of the magnetic field can create a new plasma confmement and alters the motion of the 
charged particles. Figure 58 shows the cosine element of the magnetic field, as a 
function of the outer pole solenoid current, atthe position where it is close to a centre 
pole (0) and where it is close to the outer poles (d) of the pole gap. The difference 
between them is used as a measure of the unbalance of the magnetic field. From 40 A 
of the outer pole solenoid current, the difference of the strength of the magnetic fields 
increased rapidly. These results conflIlTI the results presented in Figure 55. 
3.5 5. Heat Load 
Figure 59 shows heat load/input power as a function of an outer pole solenoid 
current. This gave a similar behaviour to the currents shown in Figure 55 and suggests 
that heat load/input power is mainly influenced by the electrons and the charged 
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particles which have bigger energies than neutral atoms, because, Figure 53 shows that 
the deposition rate!input power is constant at 19 Ns/w in spite of changes in the outer 
pole solenoid current. At the same time, Figure 55 suggests that there are different ion 
distributions occurring with changes in the applied outer pole solenoid current. 
3.6. The Effect of the Pressure 
3.6.1. Probe Currents 
The effect of the pressure has been observed on the probe currents, the floating 
potential and the heat load, using a copper target. Figure 60 shows probe currents per 
input power which were measured under biases of 4 and -100 V. With the pressure 
increasing, the absolute values of ion and electron currents decreased. It seems that the 
mean free path of particles becomes shorter and the scattering of them increases as the 
pressure rises. This is because the mean free path is reciprocal to the pressure and the 
collision frequency is reciprocal to the mean free path and proportional to the root mean 
velocity. 
3.6.2. Heat Load 
Figure 61 shows the heat load/input power as a function of the pressure. With 
the pressure increasing, it decreased slightly, although there were 20 - 25% less 
charged particles. When the collision frequency increases with the pressure, some of 
them lose their charges by the charge transfer and the recombination between charged 
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and neutral particles. It seems that these neutral particles can compensate f9r the loss of 
the heat load by the scattering because the heat load is created by charged and neutral 
particles and hv. 
3.6.3. Floating Potential 
Figure 62 shows the floating potential as a function of the pressure. The 
absolute values of the floating potential decreased frOm 31 to 22 V with pressure. The 
scattering effect on the floating potential seems to be dominant. 
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4. Results 
4.1. Titanium Dioxide Ti02 
4.1.1. Plasma Characteristics 
We plotted the values of the magnetron potential V M, the floating potential V f, 
and the deposition rate, as a function of the oxygen flow to characterise the plasma 
parameters (Fig. 1). With the oxygen flow increasing, the Ti target oxidised gradually 
and then a dramatic transition from a metallic to an oxidised stage of the target suddenly 
happened at 4 sccm/min of oxygen flow. The deposition rate decreased to about ten 
times less than that of the metallic stage; 150 counts/min corresponds to about 1 Als. 
The magnetron potential increased up to 510 V quickly and then slowly d,ecreased by 
about 20 V. A similar change was seen ~ the floating potential. However, these 
parameters could not be kept stable without auxiliary pressure controllers. The changes 
are explained by the influence of the oxidised target which, in comparison with a 
metallic target, emitted a lot of electrons and this abrupt transition creates the pressure 
instability there (ref. 2). However, these parameters must be kept around the transition 
in order to get stoichiometric Ti02 thin fIlms. The current-voltage characteristics of the 
plasma were measured under biases of -100 and 5 V. The current collected by the 
probe is due entirely to positive ions li' or electrons, le, respectively. Figure 2 shows 
these currents as a function of the floating potential. These currents increased gently 
with potential, up to about the floating potential of -20 V, and afterwards suddenly 
jumped up; especially the electron current. This phenomenon seems to be some son of 
electron avalanche created· when electrons are accelerated by an electric field. 
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4.1.2. Properties of TiQIS Films which are made from the Oxidised Target 
4.1.2.1. Optical Properties 
A few samples were made with an oxygen flow of 5 sccm/min at 0.27 Pa of 
argon with different floating potentials. The outer pole solenoid and the cathode 
currents were 90 A and 2 A respectively. In this experiment the target was completely 
oxidised. Figure 3 shows the refractive index at 633 nm of fIlms made at different 
floating potentials. The discontinuous jump from 2.42 to 2.50 in the refractive index 
was seen around -20 V of the floating potential. Afterwards, it decreased slightly then 
increased gently. This jump implies the existence of an optimum activation energy for 
Ti02' It seems that stoichiometric TI02 cannot be formed due to a lack of energy up to 
about -20 V of the floating potential. In their study, the sublimation energy of TiO 
combined with the heat of formation of TiO(s), the heat of vaporisation of Ti and the 
dissociation energy of 02, yields 6.8 e V as the dissociation energy of TiO. If we 
hypothesise that 6.8 e V is the dissociation energy of TiO, it is comparable to the 
activation energy. This value has a good agreement with the sum of Ti and oxygen 
energies of 7.2 eV. The Ti atom energy of3.6 eV combines with an oxygen atom with 
3.6e V released. It was calculated following the method to estimate electron temperature 
at the floating potential of -18 eV (ref. 3). The explanation is also supported by the 
result of ion-current characteristics (Fig. 2). When the floating potential increased up to 
-59 V, the plasma beam became more confined. The sample which was made at V f = 
-59 V had a distribution of the refractive index. The refractive index at 633 nm changed 
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from 2.43 to 2.55 depending on the measured positions. The distribution was 
consistent with that of ion and electron currents in the plasma beam so that this 
distribution seems to be related to the bombardment effects. 
4.1.2.2. Surface Analysis 
4.1.2.2.1. X-ray Photoelectron SpectroscQ1lY (XPS) 
Figure 5 shows the narrow scan spectrum for Ti 2p (time in the figure is etching 
time). A small shoulder peak was seen around 457 eV and a clear shoulder peak 
existed in the spectrum after 5 minutes etching. Unfortunately, even if we consider 
other information to interpret the spectrum, we could not identify whether the shoulder 
peak was derived from the influence of destroyed Ti02 components and other 
compounds, or by etching. In general, this shoulder peak seems to be one of reduced 
structures of Ti02 (refs. 13 - 15). According to the narrow scan spectra of Ti 2p and ° 
1s, quantification of the spectra yielded a surface composition ratio of 0 to Ti. Table 1 
gives the ratio of 0 to Ti as a function of the floating potential V f. 
Table 1 
Vf/V -3 
om 2.01 
-10 
2.01 
-18 
2.02 
-27 
2.07 
-31 
2.05 
-42 
2.08 
-59 
2.04 
An errorin the ratio of ±o.04 was estimated. Good stoichiometric composition of Ti02 
was obtained over every sample. These values by XPS were calibrated by Rutherford 
backscattering (RES) which gave a more precise quantity than XPS used without 
1000 CPS/div 
-~_'::-_."..-1--=..::.:..::..>' -- - - ~ - - - • --- - - - - .. 
470 465 460 455 
Fig.5ESCA Spectrum of Ti-2p 
(T: Etching Time) 
,. 
10,0.--------r-----.-----r----r----, 
Yield 
8,0 
k'counts/ . 
channel 6 ° 
, 
4,0 
2,0 
° 
Ti 
! 
120 240 360 
Energy {channel number} 
Fig.6 R BS Measurement. 
480 600 
96 
standards (Fig. 6). Throughout the experiments to estimate the ratio from XPS 
measurements, we ignored multiscattering effects, backscattering effects from a 
substrate, and the Ti shoulder peak effect around 457 eV. 
4.1.2.2.2. Scanning Electron Microscopy (SEM) 
The surface morphology at -10 and -42 of floating potential was observed by 
SEM in Figures 7 and 8 (the scale bar is lOJ.l.m.) There was a big difference between 
the samples. When the floating potential was low no damage on the surface was 
recognised (Fig. 7). Much more damage was there at the high floating potential (Fig. 
8). It seems that this bombardment can be used as a neutralised ion beam to enhance 
film groWth during sputtering and it can influence film density and crystallinity. 
4.1.2.2.3: X-ray Diffraction (XRD) 
Figures 9 and 10 show X-ray diffraction patterns of floating potential at -10 and 
-42 V respectively. They show the diffraction intensity against 29. Two small peaks 
come from Ti02 (anatase) around 25' and Ti02 (mtile) around 27'. They appeared at 
the higher floating potential (Fig. 10). On the other hand, the diffraction from Ti02 
(anatase) around 25' disappeared at the lower floating potential (Fig. 9). Following 
Scherrer's equation (ref. 5), the apparent crystal size, L, was calculated. These results 
were plotted against the floating potential in Figure 11. The diffraction from anatase 
(101) gave a crystal size of about 150 A and it appeared from -20 V of the floating 
potential The diffraction from mtile (110) jumped to 70 A of crystal size and gently 
increased with floating potential This curve had a good agreement with the refractive 
index at 633 nm in Figure 3. These imply that the variation of the refractive index is 
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related to the proportion of rutile in a film. H. K. Pulker et al discussed refractive 
indices of Ti02 films (ref. 1). In their paper, they obtained the highest refractive index 
when approximately equal portions of Ti and TiO were detected in the vapour phase of 
the starting material TiO, and also they showed the decrease in the refractive index of 
Ti02 samples with an increasinll number of TiO molecules. As a result, the anatase 
phase was favoured. In our case, at 5 sccm/min of oxygen flow, the Ti target was 
completely oxidised. Therefore, because. of the much higher bombardment energy, it 
seems that there are a lot more TiO molecules than Ti atoms in the plasma above -20 V 
of the floating potential so that the anatase phase is favoured. 
4.1.2.2.4. Dielectric Properties 
Figures 12 and 13 show the dielectric properties of samples, capacitance, C, 
and dielectric loss, tan a, over a frequency range 100 Hz to 10 MHz at -10 and -42 V 
respectively of the floating potentia1. The former sample with the lower floating 
potential gave a big dielectric loss at low frequency and then it decreased rapidly (Fig. 
12). Such a rapid decrease at low frequency shows ohmic condition through pinholes 
(ref. 6). It seems that this phenomenon results from a low packing density of the 
. . 
samples. The rapid increase of dielectric loss at high frequency is due to the intrinsic 
characteristics of materials which is the reaction of dipole moments to frequency. 
However, there was no rapid decrease at low frequency in the sample with the higher 
floating potential (Fig. 13). This implies that the packing density becomes denser when 
the floating potential is high. 
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4.1.3. Properties of TiOx Films which are made in the Transition 
4.1.3.1. Optical PrQperties 
Figure 14 shows the magrtetron potential and the relative Ti intensity at 450 nm 
as a function of the oxygen partial pressure. The oxygen partial pressure was 
controlled over the range of the target switching from metal to oxide. A few samples 
were made using the optical emission controller with an oxygen partial pressure of 
around 0.3 m Torr. The outer pole solenoid and the cathode currents were 90 and 2 A 
respectively. The influence of the floating potential was measured (Fig. 15). Figure 15 
shows the refractive index at 633 nm as a function of the floating potentials. With the 
floating potential increasing, the refractive index changed from 2.38 to 2.52. A rapid 
increase in it was seen at around -30 V. This value is slightly larger than that of the 
samples which were made from the oxidised target. As the deposition rate in the 
transition region was about 4 times faster than from an oxidised target, it seems that 
much bigger energies are required in order to activate the plasma. In the transition, 
careful control on the deviation of the oxygen partial pressure was required in order to 
. get better fIlms. If it exceeds 1 %, the refractive index decreases from 2.52 to 2.44 at 
633 nm under the same oxygen partial pressure and Ti intensity. Operating in the 
transition region in order to control the surplus oxygen gas, 100% of the oxygen 
supply was controlled. A lot of metal flux arrives at the substrate for a few seconds 
during switching off. In that case, decreasing the oxygen flow to control the surplus 
oxygen prevents this deviation from exceeding above 1 %. For our next step, the 
modification needed is for this switching system to work in the region of 100% to 
more than 50% of the total oxygen gas supply. For example, in order to create the 
above effect, another gas inlet is required to give a constant oxygen partial pressure. 
70 
520 Rel. I 
VMIV 60 ITi) 
500 
50 
480 
40 
460 
30 
20 
420 
10 . 
~~~~~~~~~~~~~~~~~~~~~O 
0,2 0,3 0,4 . 0,5 0,6 0,7 0,8 0,9 to 
400 
o 0,1 
P02/mTorr 
Fig.14 Relative Intensi.ty of Ti line at 450 nm and VM' 
\ 
2,52 
. 2,48 
2,44 
2,40 
2,36 
1;{ I I I I I I I I I I , T 
-10 -20 -30 -40 -50 -60 
Vf/V 
. 
Fig.15· The Refractive Index at 633 nrn. 
99 
Finally, we obtained a refractive index of 2.52 at 633 nm with 4 times the deposition 
rate than that obtained from an oxidised target using the optical emission controller. 
4.1.3.2. Surface Analysis 
4.1.3.2.1. X-ray Photoelectron Spectroscopy (XPS) 
We measuted the ratio of 0 Is to Ti 2p from the narrow scan spectra. Table 2 
gives the ratio of 0 to Ti as a function of the floating potential V f. 
Table 2 
Vf/V 
om 
-18 
2.06 
-27 
2.06 
-31 
2.11 
-42 
2.08 
-59 
2.08 
Good stoichiometric composition of Ti02 was obtained over every sample. It seemed 
that these ratios were slightly bigger than previous results which were obtained from 
the oxidised target. However, it is difficult to discuss the difference between them 
because we cannot identify the effects of the deformed and destroyed structure of Ti02 
by X-ray analysis. 
4.1.3.2.2. X-ray Diffraction (XRD) 
Figure 15-a shows the apparent crystal size, L, relative to the floating potential. 
The diffraction from rutile (110) increased slightly to 90A of crystal size and then 
saturated with the floating potential. The floating potential around the small jump was 
bigger than that from the oxidised target. It seems that more energy is required to make 
stoichiometric Ti02 because of the higher deposition rate than before. 
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The diffraction from anatase (101) increased gradually with the floating 
potential and then decreased a little. In the previous results from the oxidised target, the 
anatase structure was not seen below -20 V of the floating potential, but in this case, it 
was present over all the samples. In particular, the crystal size of the anatase was 
smaller and that of the rutile was slightly larger when compared to the oxidised target. 
Furthe=ore; the ratio of rutile crystal content increased to about 75%. In the case of 
the oxidised target it was about 60%. In the transition with the oxygen partial pressure, 
an increase in growth of the rutile structure was observed in comparison with the 
oxidised target. 
4.1.4. Discussion 
. The titanium - oxygen diagram has been widely investigated as to the effect of 
temperature and ratio of oxygen to Ti (refs, 7, 8). Stoichiometric Ti02 can exist with 
different crystal structures of'rutile', 'anatase', and 'brookite'. Rutile is stable, anatase 
is metastable and brookite is an alkali - stabilised modification. 
S. Schiller et al discussed its crystallinity as a function of the substrate 
temperature and the pressure ratio of PozIPtot (ref. 9). In their results, stoichiometric 
Ti02 thin films with amorphous structures were obtained in the range of PozIPtot = 
0.23 - 0.27, and the refractive index of Ti02 was around 2.40 at 633 nm under the 
standard conditions of substrate temperature Ts ;. 35°C. With the substrate temperature 
increasing, the refractive index increased and then, at Ts = 180°C, thin films with a 
refractive index around 2.50 at 633 nm, were obtained with a mixture of crystal fo=s 
of 'anatase' and 'rutile'. In the range of P 02/Ptol = 0.23 - 0.27 and for a substrate 
101 
temperature up to 150°C or above 300°C, the films consisted of rutile only. The latter 
films had much bigger grain size and denser structures than the former. Consequently, 
from the phase diagram, Ts above 300°C is required in order to obtain stoichiometric 
and high refractive Ti02 thin fUrns with 100% rutile structure (Fig. 16 from ref. 9). 
The phase composition ofTi02 in Figure 16 had a good agreement with our results. In 
our experiments, the substtate temperature increased from room temperature to 120°C, 
170°C and 230°C at V f = -3, -31 and -59 V respectively under the ratio of P02ltol = 
0.26 (Fig. 17). This phase change of Ti02 created by temperature increases, was , 
measured by X-ray diffraction (Fig. 11). However, there were big differences between 
our results and S. Schiller's. In their paper, Figure 18 shows the effect of the substrate 
temperature on the average grain size from room temperature to 350°C (ref. 9). The 
average grain size grew up to about 700 A at the substrate temperature of 350°C, but 
our average grain size was about 150 A of 'anatase' (101) and 80 A of 'rutile' (110) at 
V f = -59 V. Furthermore, the ratio of the 'rutile' crystal form in the sample increased 
to about 60%. Although our Ti02 films had a smaller grain size than S. Schiller's, 
much higherrutile content existed. The refractive index at Vf = -59 V was 2.55, which 
was the maximum. 
On the other hand, in previous papers, the effect of the substrate temperature to 
the crystallinity and the refractive index was mainly discussed. On the crystal growth 
of the thin fIlms, the phase transition from amorphous, fine polycrysta1line, mixed 
('rutile' and 'anatase') to dense rutile structures is related to the surface recombination 
and rearrangement, which was a function of temperatUre and bombardment effect. 
These functions are not independent but it seems that temperature is a function of 
energy and the bombardment effect is that of momentum, 'knock on' effect giving 
surface rearrangement 
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During sputtering, the substrate is bombarded by a neutralised ion beam with 
the energy of the floating potential. If the energy of the bombardment exceeds the 
sputtering threshold energy of compounds, which consist ofTi metals and Ti oxides on 
the substrate; 'knock on' effects for surface rearrangement can be expected. L. I. 
Maissel et al measured sputtering threshold energies of various metals (ref. 10, the 
energy of Ti (Ar) is 20e V). They found an empirical relationship in which the 
threshold values were roughly 4H (H = heat of sublimation). Following J. 
Berkowitz's method (refs. 4, 11, 12), the heat of sublimation for Ti02' ~98' is 148.6 
kcallmol, that is 6.4 eV. From the above relation, the threshold values of Ti02 is 26 
eV (Ar). Under our experimental conditions, the floating potential, V fvaries from -3 to 
-59 V. If we can ignore the effect of oxygen gas, these energies are big enough to 
modify the surface arrangement However, the threshold values of Ti02 in a mixture 
of Ar and oxygen seems to be much higher than 26 eV. It seems that the bombardment 
effect can give the effect of momentum transfer as well as that of the heat energy. This 
explanation is supported by the results of grain size and 'rutile' content. Moreover, a 
detailed analysis is required in order to discuss the crystallinity: It will be necessary to 
consider the effect of contamination which can come out of a glass substrate at high 
temperature. Anatase is metastable so that its structure is strongly influenced by 
impurities. 
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4.2. Copper Oxide: CuO 
4.2.1. The Magnetron Potential Characteristics· 
Figure 19 shows the magnetron potential characteristics relative to the oxygen 
partial pressure. The voltage was measured under an oxygen partial pressure of from 
0.1 to 2.0m Torr at 2m Torr of argon. The magnetron potential decreased slightly to an 
oxygen partial pressure of 0.6m Torr and then suddenly fell. Mterwards, it kept to a 
minimum value. This transition is explained as a result of target oxidisation. A 
discharge is maintained primarily by secondary electrons emitted from the cathode by 
ion bombardment. Mter a target is covered with oxidised materials it seems that many 
more electrons are emitted from the cathode as the oxygen partial pressure increases. 
Therefore, the potential to sustain such a discharge decreases. 
4.2.2.1. ESCA spectra 
Two kinds of thin films were made with oxygen partial pressures of 0.66 and 
1.0m Torr (Fig. 19) and with different floating potentials of "low", "medium" and 
"high". Quantification of the photoelectron spectra of 01s and Cu 2p 3/2 was carried 
out by ESCA measurements (Table 3). 
Table 3 
Oxygen partial 
pressure/m Torr 
The ratio of01s/Cu 2p 3/2 
0.66 0.41 0.80 0.82 
1.0 0.77 0.79 0.88 
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The ratio of Ols/Cu 2p 3/2 at the oxygen panial pressure of 0.66m Torr 
. increased more rapidly as the floating potential increased than that at 1.0m Torr. It 
seems that the former case is in the beginning of the transition from a metal to an oxide 
target and the latter case is fully oxidised. It is therefore much more likely that, in the 
former case as opposed to the latter case, copper and oxygen combine with each other 
by ion bombardment. Another three samples were made under different floating 
potentials with lm Torr of oxygen and argon respectively. The outer pole solenoid 
current of 90A and the cathode current of 0.8A were used for the electro-magnetrons. 
The film thickness was about lllm. Permanent magnets with various magnetic field 
strengths were employed to control the floating potential by placing them at the rear of a 
substrate outside of a chamber. Figure 20 shows narrow scan copper Cu 2p 3/2. The 
satellite peak: around 945 eV existed between Cu 2p 3/2 (933 eV) and Cu 2p 1/2 (953 
eV). Because Cu20 does not have a peak around 945eV, this means that CuO is 
included in these films. When we hypothesise that every copper atom combines with 
every oxygen atom chemically, Table 4 can give the ratio of Cuo to Cu20. 
Table 4 
Vf/V 
-9 
-38 
-58 
Cuo 
2.1 
3.6 
9.8 
1 
1 
1 
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The ratio of CuD to Cu2D increased as floating potential increased. This result implies 
that the stoichiometry of copper oxide depends on the floating potential during the 
sputtering. 
4.2.2.2. X-ray Diffraction 
The crystal size was discussed in terms of the strongest peak around 29 = 35°. 
It seems that this peak came from the overlapping of (002) and (111) peaks. The 
discussion on crystallinity followed Scherrer's equation (ref. 5). Figure 21 shows an 
apparent crystal size relative to the floating potential. The crystal size decreased slightly 
with floating potential up to a value of -40V and then fell. A similar behaviour with 
floating potential was shown by the apparent crystal size of a copper thin film. It 
suggests that this does not depend on the characteristics of the copper oxide, but rather 
on the energy of ion bombardment which is controlled by the floating potential. The 
apparent crystal size of a copper oxide thin mm was much smaller than that of copper 
metal thin film. This implies that it has much fmer grain boundaries. 
4.2.2.3. SEM 
Figures 22 - 24 show the morphology as seen by SEM with floating potentials 
of -9, -38 and -58V respectively (the scale bar is l~). We could not observe the 
different fme structures which are predicted from the apparent crystal size but fine and 
solid structures existed throu ghout the samples. 
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4.2.2.4. Transmission 
Figure 25 shows the transmission as a function of the wavelength: The 
samples were made under an oxygen partial pressure of 1m Torr with lm Torr of 
argon. Samples, 3-2, 3 and 3-1, each had different floating potentials of -9, -38 and 
-58 respectively. The transmission of each sample at 550nm was 29, 51 and 59%. 
About a 50% transmission decrease for about a 80% floating potential decrease. This 
result seems to be related to the fact that the samples with different floating potentials 
have different stoichiometrical compositions of CuO and CU20. Therefore, the main 
factor of the transmission drop is caused by the stoichiometrical changes in them. 
4.3. Aluminium Oxide: AI2Q.3, 
Aluminium Oxide has good qualities for application in optics and has a hard 
coating. However, in the case of the reactive D. C. sputtering, it is quite difficult to 
make stoichiometric aluminium oxide stable with a high deposition rate without any gas 
controller system. As the oxygen partial pressure increases, reaction products fo= on 
the target (it is poisoned) which lead to an unstable situation . 
. 
Historically, much work on A120 3 has been done by r. f. sputtering from Al 
and A1203 targets (refs. 16, 17). In these cases, the problem was a low deposition 
rate. Recently, a new system has been presented in order to overcome such a problem 
by M. Scherer etal (ref. 18). They have investigated separating the reaction of the 
reactive gas at the substrate from the reaction with the target surface. In this 
configuration, the target was sputtered in the metallic mode while a stoichiometric oxide 
was fo=ed on ·the substrate. This system required another small chamber with 
Fig.22 The Morphology by SEM 
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shielding in the big chamber to reduce the metal flux and an extra electrode system to 
activate the plasma. However, simple operating chamber systems are required rather 
than complex systems in order to make stoichiometric A1203' 
We tried to make stoichiometric Al203 by simple D. C. magnetron sputtering 
with the optical emission controller. 
4.3.1. Plasma Characteristics 
The optical emission controller was used to control the oxygen partial pressure. 
Figure 26 shows the magnetron potential and the Al intensity at 390 nm relative to the 
oxygen partial pressure. With the oxygen partial pressure increasing. the magnetron 
potential increased slightly and then gradually decreased at 0.2m Torr oxygen partial 
pressure. Around that point. arcing started suddenly and then became uncontrollable. 
Also. the relative Al intensity at 390 nm decreased gently but afterwards it decreased 
abruptly because of arcing. The origins of arcing have been widely investigated but 
there is no single. complete theory covering all aspects of arc formation (ref. 19). 
Arcing is defined as high power density short circuits which have the effect of 
miniature explosions. A theory known as 'Streamer Theory' was proposed by Meek 
(ref. 20). He argued that as the primary photoelectrons avalanched toward the anode. 
they reached a critical size such that their combined charge starts to generate secondary 
electrons just ahead of the avalanche. In the case of reactive D. C. sputtering, many 
impacts on the target surface produce secondary electrons. It is these electrons which 
maintain the electron supply and sustain the glow discharge. The physical phenomena 
involved are the growth of the ionisation of a gas in an electrical field and the 
subsequent breakdown of the insulating qualities of the gas (ref. 21). The effect of 
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oxygen addition to the discharge gas on the operating voltage may be explained by a 
rise in the secondary electron emission coefficient of the target due to the f=ation of 
an oxide layer on its surface. The division of input power Pa is given by Pa=p+(l +y±) 
where y.t is the secondary emission coefficient for electron and negative ion release by 
the positive ion bombardment. Obviously, a rise in y.t results in a reduction of the 
power p+ available for ion impact sputtering (ref.22). The surface mechanism on the 
target during sputtering and their effects on the sputtering yield were discussed by S. 
Maniv and W. D. Westwood (ref. 23). The sputtering yield of A1203 due to Ar+ and 
02+ bombardment were calculated using Nghi and Kelly's modification ofSigmund's 
theory (ref. 24). However, consideration of surface reactions is required in applying 
their theory. 
Generally speaking, it seems that the causes of arcing result from the electric 
field, mechanical anomalies, and disruption of surface equilibrium. For example, 
surface defects such as an oxide inclusion cause a warp in the electric field in their 
vicinity which increases the power density. It is very difficult to identify the original 
source for individual cases. In the case of reactive D. C. sputtering, the field emission, 
due to increasing the secondary emission coefficient, seems to be the main factor in 
causing an arcing (see ref. 25). 
4.3.2. Optical Properties 
A few samples were made at 0.22m Torr oxygen piutial pressure and 2m Torr 
of argon with different floating potentials. The outer pole solenoid and the cathode 
currents were 90 A and 2A respectively. Unfortunately, continuous arcing occurred. 
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Table 5 shows the refractive index at 633 nm for the different floating potentials. 
Table 5 
VEN 
n 
-18 
1.56 
-31 
1.57 
-59 
1.71 
With the floating potential increasing. the refractive index increased rapidly. 
Especially. at -59V of the floating potential. the refractive index was 1.71 at 633 nm 
with 10Ns deposition rate with lkw input power. R. S. Nowicki obtained a refractive 
index of 1.69 at 546 nm of -22.1 V floating potential. It seems that a floating potential 
is not large enough to activate the plasma. 
Figure 27 shows the refractive index at 633 and the thickness distribution for 
different position of a sample with Vf = -59V. At position 3. -3cm are the top and the 
bottom of the glass slide respectively. The refractive index at 633 nm changed 
extensively from 1.55 to 1.71 and also the thickness distribution was inhomogeneous. 
Such behaviour of the refractive index could be explained by the relationship between 
the sample position and the effective plasma region because the centre of the plasma 
beam was not consistent with that of the sample (Fig. 28). From the top to the bottom 
of the sample. the amount of oxygen decreased gradually and. at the same time. the 
plasma activation increased, depending on its position. Around the centre of the sample 
it seems that the reaction process to make stoichiometric A1203 is shon or oxygen and 
activation energy. Also. it seemed that the continuous arcing influenced the plasma so 
that the plasma distribution was agitated by it. 
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4.4. Zinc Oxide: ZnO 
Zinc oxide film has attracted interest as a transparent and conductive coating 
material for display and photovoltaic devices. Also, Zinc is a cost-effective material in 
comparison with In, Sn in transparent electrodes. 
Historically, Zinc oxide films were made by D. C. diode sputtering from a 
semi-conducting ZnO or Zn target and r. f. sputtering from semi-conducting ZnO 
targets (refs. 27 - 31). In these cases, the deposition rate was very slow. Nowadays, a 
highly transparent, conductive and stable ZnO thin film is expected with a high 
deposition rate. 
In addition, as far as the stability of electrical properties is concerned, for 
practical applications, non-doped Zno films might have a disadvantage in comparison 
with ITO films (ref. 32). To overcome such a problem, ZnO: A1 films were produced 
by r. f. magnetron sputtering of ZnO together with d. c. magnetron sputtering of A1 
(ref. 33) or by r. f. magnetron sputtering under an applied external d. c. magnetic field 
of about 50 G (refs. 34 - 37). 
4.4.1. Plasma Characteristics 
The optical emission controller was used to control the oxygen partial pressure. 
Figure 29 shows the magnetron potential and the relative Zn intensity at 630 nm plotted 
against the oxygen partial pressure. Arrows show the width of deviation. With the 
oxygen partial pressure increasing, the magnetron potential and Zn intensity decreased 
quickly. During the sputtering such parameters were oscillating. It seems that the Zn 
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target repeatedly desorbed and absorbed oxygen; like breathing. Unfortunately, a 
deformation of the target happened at 1.4 A of ~e cathode current and 800 V of the 
magnetron potential, so that we could not apply much energy to the magnetron. 
4.4.2. Optical Properties 
A few samples were made at 0.15m Torr of oxygen partial pressure and 2m 
Torr of argon with different floating poten.tials. The outer pole solenoid and the 
cathode currents were 90 and 2 A respectively. Table 6 shows the refractive index at 
633 nm relative to the different floating potentials. 
Table 6 
VfN 
n 
-18 
2.02 
-31 
2.04 
-59 
2.06 
With floating potentials increasing, the refractive index increased slightly. The, 
refractive index obtained at 633 nm was relatively high over the full range of the 
floating potentials with a 12 Ns deposition rate (ref. 38). 
A Zno thin film has a wurtzite structure and a growth which follows the axis. 
In general, it is well known that, in the case of r. f. sputtering, c-axis oriented ZnO, 
grows on a glass substrate when a substrate temperature is between lOQoC to 20QoC. 
Also, C. B. Duke et al talked of the mechanism and consequences of surface 
reconstruction on the cleavage faces of wurtzite structure compounds (ref. 39), Among 
plasma parameters, the deposition rate and the substrate temperature controlled the 
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epitaxial growth. A temperature increase on a bombardment of secondary electrons and 
neutral particles destroyed such growth. In our case, the energy of the ion 
bombardment was suitable for f!lms to growepitaxially. 
On the other hand, T. Hata et al presented a new system to make Zno thin f!lms 
which had a solenoid coil placed around a cylindrical bell jar to confine the leakage lines 
to the target surface (ref. 40). Following their idea, T. Minami et al has developed it 
and made a few samples (ref. 41). Requiring an epitaxial growth of ZnO, they 
controlled the direction of the magnetic field no=al to the substrate. They found that 
the resistivity of fllms on the substrate placed perpendicular to the target could be 
controlled by the d.c. magnetic field from an external solenoid coil. It seem that the 
surface mobility, which is effective for the improvement of crystallisation, may be 
mainly supplied by particles with a momentum component parallel to the substrate 
surface. In our case, a similar phenomena happened through the ion bombardment 
effect. 
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5. Conclusion 
(1) The magnetic field configuration in a planar magnetron determines the 
conditions which a substrate and growing film have to experience during the growth 
process. In this case, a circular magnetron using electromagnets, was deliberately 
unbalanced to give field lines leaving the race track confmement to impinge on the 
substrate. The conditions, for an electrically floating configuration, result in a 
neutralised ion beam bombardment of the substrate-film system with approximately 
30eV ions at 30Am-2 and a heat load of lkWm·2 when the planar magnetron was 
operated at 800mA and 400 watts. 
Such bombardment can be used to provide energy to influence the nature of the 
fIlm that is being deposited. As the beam is neutralised, it provides low ion energy 
bombardment of high current density to an insulating surface. This is thought to have 
advantages over the higher ion energy given by r. f. plasma which can induce damage 
in the growing film. 
(2) Different magnetic field configurations existed with different applied outer 
pole solenoid currents. In the region of lower magnetic field strength, the configuration 
of the magnetic field was concentric, so that electrons were in the race track 
confmement region. On the other hand, in the region of higher magnetic field strength, 
there was a considerable leakage magnetic field along the direction no=al to the 
magnetron. These different magnetic field configurations had a strong influence to 
electrons because the Larmor radius was small and the ions followed the motion of the 
electrons. This resulted in a neutralised ion beam bombardment with various energies 
to an insulated substrate. Such a bombardment can be used to provide energy to 
influence the nature of the film that is being deposited. In the region of higher magnetic 
field strength we can especially expect it to influence the crystallinity of a thin film 
J 
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much more because the ratio of Al ions to Al atoms is much higher in that region 
which has a lower magnetic field strength. While the deposition rate!input power is 
constant at I9r:nA/slW and independent of' the outer pole solenoid current, if it is 
assumed that one metal ion can be born of one argon ion by charge transfer, there are 
different metal ion currents to the substrate. This is thought to have advantages in 
controlling and enhancing the nature of a growing film. 
(3) Permanent magnets at the rear of a substrate outside of the chamber can 
make the configuration of the magnetic field change and control the floating potential 
from -3 to -59V, as well as ion and electron currents to the substrate. If these 
experimental results follow Bohm's criterion for ion sheath formation, the electron 
temperature can change from D.ge V to ge V. In addition, the microstructure of thin 
films during film growth is influenced by these ion bombardments which are 
compensated with electrons. Therefore it can be expected that the bombardment with 
ions of controllable energy can enhance film growth. 
(4) Ti02 films which were made from an oxidised target contained a mixture of 
'anatase' and'rutile' crystal structures at higher floating potentials. 
On the other hand, at lower floating potentials, the rutile structure was 
dominant. The refractive index of TiOx film was proportional to the fraction of rutile in 
the film and the fIlm density which was influenced by the floating potential. 
This bombardment is used as a neutralised ion beam to enhance film growth 
. during sputtering. Ti02 films in the transition from an oxide to a metal target were 
made using the optical emission controller. The refractive index at 633 nm ranged from 
2.38 to 2.52 with a deposition rate 4 times faster than with an oxidised target .. A 
slightly bigger activation energy was required to make the samples with the high 
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refractive index. At the same time, the deviation of the oxygen partial pressure was 
controlled carefully to within 1 %. 
(5) A1203 and ZnO thin films were made with high deposition rates oflO and 
12 Ns respectively using the optical emission controller. At -59V of floating potential, 
the refractive indices of A1203 and Zno were 1.71 and 2.06 at 633 nm. 
(6) The oxygen partial pressure was stably controlled in the transition by an 
optical emission controller. The limitation of the optical emission controller is 
dependent on the response time of the control loop, which is determined by the target 
shape and size, the target reaction zone and the reaction gas inlet. Restricting the inlet 
conductance, for instance with a manifold, causes similar problems. 
By considering the above limitations of the optical emission controllers, they 
can have great advantages for pressure control in the transition of a hysteresis loop. 
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